Behavior of phosphate rock in soils and its availability to plants by Peaslee, Doyle Eugene
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1960
Behavior of phosphate rock in soils and its
availability to plants
Doyle Eugene Peaslee
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agriculture Commons, and the Plant Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Peaslee, Doyle Eugene, "Behavior of phosphate rock in soils and its availability to plants " (1960). Retrospective Theses and Dissertations.
2746.
https://lib.dr.iastate.edu/rtd/2746
BEHAVIOR OF PHOSPHATE ROCK 
IN SOILS AND ITS AVAILABILITY TO PLANTS 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Soil Fertility 
by 
Doyle Eugene Peaslee 
Approved: 
In Charge of Major Work 
Head of Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1960 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
ii 
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
REVIEW OF LITERATURE 3 
METHODS AND MATERIALS 24 
RESULTS AND DISCUSSION 55 
SUMMARY AND CONCLUSIONS 131 
LITERATURE CITED 134 
ACKNOWLEDGMENTS 140 
1 
INTRODUCTION 
Phosphate rock is a form of phosphorus fertilizer which 
generally has a lower availability than the other fertilizers, 
but the observed availability is determined to a certain ex­
tent by the soil to which it is added. The reasons for the 
differences in phosphate rock availability have not been fully 
clarified. Investigations generally have shown that acid 
soils allow a more favorable response to phosphate rock than 
do neutral or alkaline soils. Also, it is known that the rel­
ative response depends upon the crop grown. For instance, lu­
pine and buckwheat are much more efficient than barley or 
wheat in utilizing phosphorus from phosphate rock. 
There does not appear to be any precise method at hand by 
which one could estimate the suitability of phosphate rock as 
a phosphorus fertilizer, as it compares to superphosphate on a 
given soil, without making a direct comparison of the plant 
responses. The first objective of this thesis was to develop 
a laboratory procedure for estimating the relative response of 
plants to phosphate rock and concentrated superphosphate in 
the greenhouse. The second objective was to explain the wide 
differences in the relative value of phosphate rock and super­
phosphate among soils. 
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Successful completion of the first objective will provide 
a basis for work with field experiments and perhaps the study 
of other fertilizers. The development of such a laboratory 
procedure with the proper field correlation information at 
hand would permit the prediction of the relative suitability 
of phosphate rock and superphosphate for a given set of con­
ditions. Progress is being made toward the use of economic 
information in allocating production factors. Therefore, it 
seems probable that use will be made of information on rela­
tive cost of phosphate rock and superphosphate versus the 
relative suitability of these fertilizers when such inform­
ation is made available. Realization of the second objective 
will provide knowledge for more precise interpretation of 
observations and perhaps development of better tests for 
availability, 
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REVIEW OF LITERATURE 
Introduction 
Phosphate rock is a naturally occurring material which is 
mined commercially for its phosphorus content. A large por­
tion of the mined material finds its way into soil amendment 
uses, 
After the material has been prepared by grinding it to a 
certain fineness, it may be applied directly to the soil. 
Material used in this manner retains the name of the natural 
material, namely, phosphate rock. The phosphatic component of 
phosphate rock is generally considered to be carbonate-flu-
orapatite or carbonate-hydroxyIfluorapatite. These substances 
have the generalized molecular formulas of Ca]_Q (po4./ CO3) 6F2-3 
and Ca1Q(P04,C03)g(OH,F)2_3/ respectively, according to Mc-
Kelvey et al. (1953). Van Wazer (1958) gave a similar formula, 
(Ca,H20)1q(P04,COg)6(F,OH)2. for the mineral francolite. 
Rathje (1957) suggested that some phosphate rock is composed 
of a mixture of two minerals, hydroxylfluorapatite and flu-
orite. The composition of phosphate rock is now known to vary 
from one deposit to another. This variability also has been 
reflected in plant response, which may differ markedly when 
material from one deposit is compared to that taken from 
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another. 
Laboratory methods which give a rapid, qualitative meas­
urement of the suitability of a substance as a phosphorus fer­
tilizer have been employed for many years. These measurements 
have segregated the fertilizers on the basis of their solu­
bility in water and in neutral ammonium citrate. 
The variability of phosphate rock has led to the study of 
a variety of tests which are generally based on extractable 
phosphorus measurements on a fertilizer sample and are design­
ed to rate the fertilizer value of the various phosphate rocks 
for a fixed set of conditions. In other words, much of the 
work has been patterned after the testing program for phos­
phorus fertilizers in general, but developing the tests es­
pecially for phosphate rock. Some of the work of this na­
ture will be discussed more fully in a later section. 
Such measurements as those just described, however, cannot 
account for the complex reaction between the soil and the fer­
tilizer which necessarily affects the efficiency of the ferti­
lizer in supplying phosphorus to plants. The reaction varies 
from soil to soil and from one fertilizer to another, depend­
ing upon the properties of the reactants involved and the en­
vironmental conditions. If insight is to be gained about the 
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nature of these reactions and accuracy obtained in evaluating 
a fertilizer for a particular set of conditions, it appears 
that the effect of the soil-fertilizer interaction must be in­
cluded in the measurements. 
Reaction of Phosphate Rock with Soil 
Since the success with which phosphate rock may be used as 
a fertilizer depends so markedly upon the conditions in gen­
eral and the soil in particular, some work has been done in an 
attempt to elucidate the reaction between phosphate rock and 
the soil. Such a reaction may determine the extent to which 
plants utilize the phosphorus from phosphate rock. Thus far 
no single study has been successful in explaining these phe­
nomena, although experiments have been conducted to support 
certain hypotheses on the subject. A knowledge of the nature 
of this reaction might make possible the development of a bet­
ter method for evaluating the suitability of phosphate rock 
for any particular situation. 
As stated previously, the phosphatic component of phos­
phate rock contains calcium, phosphorus, hydroxyl, and prob­
ably fluoride ions. When phosphate rock is added to a soil, 
it is unlikely that these two solid phases will support the 
same activity of all constituent ions in solution. If this is 
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the case, the system will not be at equilibrium, and there 
will be a transfer of ions between the two solid phases with 
the mutual solution serving as a contact medium. The direc­
tion of transfer of a particular ion will be in the direction 
of equilibrium and will continue until equilibrium is reached. 
The literature can be categorized on the basis of whether 
the emphasis is placed upon calcium, phosphorus or pH as the 
controlling factor in determining the suitability of phosphate 
rock as a fertilizer. 
The effect of pH 
Stelly and Pierre (1943) made a study of the phosphorus 
dissolved from phosphate rock after shaking samples in solu­
tions of various pH values. Below pH 3.5 the amount of phos­
phorous in solution increased rapidly with an increase in 
acidity, with less rapid increases between pH 5 and pH 3.5. 
From these data it would be expected that the pH of the soil 
would have some effect on the capacity of phosphate rock to 
serve as an effective fertilizer. 
The effect of phosphorus 
Joos and Black (1951) concluded, on the basis of their 
experiments that in addition to the pH-solubility factor, 
there may be a reaction of the dissolved phosphate rock with 
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the soil, since at the pH observed in acid to slightly acid 
soils, phosphate rock would release more ions to solution than 
the soils themselves would support in solution. Hence, there 
would be an ionic gradient observed. They supposed that this 
gradient would be relatively greater in the case of phospho­
rus ions than in the case of calcium ions, because the con­
centration of calcium in soil solutions is far greater than 
that of phosphorus. On this basis, the transfer of phospho­
rus from phosphate rock to soil would cause the reaction of 
phosphate rock with soil to continue beyond the stage of for­
mation of a saturated solution in equilibrium with phosphate 
rock. They further inferred that reaction of the dissolved 
phosphorus with the soil would increase the phosphorus avail­
ability by increasing the volume of soil within which the con­
centration of phosphorus exceeds that supported by the unfer­
tilized part of the soil. 
Barbier et al. (1957) studied the dissolution of slightly 
soluble natural phosphates in soil. Isotopically exchange­
able phosphorus (commonly referred to as labile phosphorus) 
was measured on samples taken from control plots and from 
field plots that had received heavy application rates of a 
natural calcium phosphate for several years. The sample from 
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the phosphate treated plot showed a much higher content of 
labile phosphorus than did the control plot sample. These 
workers concluded that there was an appreciable movement of 
phosphorus from the fertilizer to the surface of the soil col­
loids, where it was isotopically exchangeable and also more 
available to plants. Presumably the reason for the increase 
in plant accessibility was similar to that mentioned earlier 
in connection with the work of Joos and Black (1951). Some 
portion of the added phosphorus in the work of Barbier et al. 
(1957) probably had been converted to a form of soil phospho­
rus during the years; however, the magnitude of labile phos­
phorus existing on the surface of original fertilizer parti­
cles could not be measured in this work, and consequently the 
extent of phosphorus movement cannot be evaluated. 
Barbier et al. (1957) did present an interesting hypoth­
esis on the basis of their work. They felt the dissolution of 
a slightly soluble phosphate depended upon (1) the initial 
activity of PO4 in solution, (2) the activity of other ions, 
such as calcium, which influence the solubility of the phos­
phate compound, and (3) the energy of retention of P0| by soil 
colloids. 
The effect of calcium 
Scarseth and Tidmore (1934) found that, when phosphate 
rock and soil colloids were mixed together, an increasing 
amount of calcium on the exchange complex of various colloids 
(accompanied by increasing pH) decreased the amount of phos­
phorus coming into solution from phosphate rock. Graham 
(1955) extended the work of Scarseth and Tidmore (1934) and 
used his results to support a theory of cation weathering of 
insoluble phosphates. He proposed that the exchange tendency 
of calcium from the phosphate rock for hydrogen, potassium, 
and sodium ions present on the soil colloids was the control­
ling factor in the weathering of insoluble natural phosphate 
materials and was responsible for the degree to which phos­
phorus was released from them. He conducted experiments in 
which apatite particles between 40 and 100 mesh were added to 
suspensions of various hydrogen-ion saturated colloids. After 
48 hours a 300-mesh screen was used to separate the unweath-
ered apatite, and the phosphorus in the supernatant solution 
was measured. Energy of exchange values were calculated by 
the equation AF = RT In ^Aca++ proposed by Woodruff (1955) , 
Ah+ 
where 
AF = change in free energy in calories per equivalent 
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R = universal gas law constant in calories per mole 
T = absolute temperature 
ACa++ = activity of calcium ions in solution 
Ah+ = activity of hydrogen ions in solution. 
The data for these calculations were collected on samples of 
the colloids which were 50 per cent calcium saturated. When 
the concentrations of phosphorus in solution after 48 hours 
were plotted versus energy of exchange values and versus pH 
values, a slightly smoother fit to a curvilinear relationship 
was obtained with the latter than the former. This indicates 
that a measure of the pH of the suspension would be just as 
useful as energy of exchange values in predicting the amount 
of phosphorus supported in solution by any of the systems used 
in this work. 
A similar study was conducted by Graham (1953), except 
phosphate rock was used in place of apatite and only one col­
loid was used. Samples of the bentonite colloid were saturat­
ed with calcium, potassium, and sodium ions for the experiment. 
After reaction had occurred, the calcium system showed no 
phosphorus in solution, whereas the potassium and sodium col­
loids showed an appreciable quantity of phosphorus in solution. 
Russian investigators evidently hold concepts similar to 
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workers in the United States. According to Butkevich (1955), 
some workers think that the absolute quantity of adsorbed hy­
drogen ions in the soil determines the capacity for adsorbing 
calcium from phosphate rock and hence the solubility of the 
phosphorus. This explanation is similar to Graham's (1955), 
but not as refined. 
Mitsui et al. (1956a) did not work with phosphate rock, 
but studied reactions of soil with a fused magnesium phos-
phate. Plants were grown for 17 days on P -labelled material 
to which increasing amounts of acid soil had been added. The 
P content of the plant material increased with increasing 
amounts of acid soil up to 5 gm. Labelled superphosphate 
cultures yielded generally decreasing amounts of P^2 with in­
creasing amounts of soil, which indicated the phosphorus fix­
ing tendencies of the soil. The phosphorus adsorbing tendency 
of the soil was used to explain the decrease in P^2 content of 
the plants grown on fused magnesium phosphate at the higher 
soil to fertilizer ratios. Their hypothesis was that the ex­
change between hydrogen ions from the root and magnesium and 
calcium ions from the fertilizer particle allowed a release of 
phosphorus ions from the fertilizer and subsequent uptake by 
the plant or fixation by the soil colloids. The proposed 
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fixation of phosphorus by the soil undoubtedly occurred, but 
some portion of the decrease in uptake of fertilizer phospho­
rus with increasing additions of soil could be attributed to 
competition of the increasing amounts of added soil phosphorus 
for uptake by plants, in place of the fertilizer phosphorus. 
Mitsui et al. (1956b) attempted to strengthen their pre­
vious findings. They mixed labelled, fused magnesium phos­
phate with soils having different base-saturation values and 
phosphorus-adsorption capacities. The soil with the lowest 
pH had the lowest adsorbing capacity, the soil with the high­
est pH had medium adsorbing capacity, and the soil with the 
medium pH had the highest adsorbing capacity. The greatest 
uptake of phosphorus by plants from the fused magnesium phos­
phate occurred on the soil with the lowest pH and the lowest 
phosphorus-adsorbing capacity. Removal of bases by leaching 
with 0.1 N HC1 greatly enhanced phosphorus uptake from the 
fused magnesium phosphate on the soil having high exchangeable 
calcium content and high phosphorus-adsorbing capacity. 
Leaching had no such effect on the soil which had a low pH 
and low phosphorus-adsorbing capacity. Treatment with HC1 did 
not affect the phosphorus-adsorbing capacity. The hypothesis 
was presented that exchangeable H+ had a positive effect on 
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contact solutional uptake of phosphorus from fused magnesium 
phosphate, while phosphorus fixation had a negative effect. 
The degree to which plants can utilize fixed or adsorbed phos­
phorus will necessarily depend upon the existing conditions. 
Certainly one factor of importance will be the length of time 
which plants feed upon the system. Another important factor 
will be the amount of labile phosphorus that may be utilized 
in place of the fertilizer phosphorus that has been adsorbed 
by the soil. If a short period of plant growth and a rela­
tively large amount of labile phosphorus were conditions ex­
isting during this study, the reduction due to phosphorus ad-
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sorption probably was overestimated, Aidinyan (1956) found 
that so-called fixed and adsorbed phosphates were actually 
available to an appreciable extent in his work. 
The research people working on this problem have proposed, 
collectively, that the same ions that are constituents of 
phosphate rock control the reaction of phosphate rock with the 
soil. The fact that soil pH can be important under some cir­
cumstances is generally recognized, and therefore a connection 
between the hydroxy1 ion present in the soil and in the phos­
phate rock may be made. 
Joos and Black (1951), Mitsui et al. (1956b) and Barbier 
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et al. (1957) obtained evidence that phosphorus moves from the 
phosphate rock to the soil colloids during the attainment of 
equilibrium between the two solid phases. Similarly, Graham 
(1953, 1955) and Mitsui et al. (1954, 1956a, 1956b) have pro­
posed that the removal of calcium from phosphate rock by ex­
change of calcium from the phosphate rock for hydrogen ad­
sorbed on soil colloids enhances the dissolution of the phos­
phate rock. Thus there is some indication that the major con­
stituents in phosphate rock play a role in the reaction of the 
phosphate rock with soil, and that it may be possible to unify 
the results into a single line of reasoning and a single ex­
planation. 
Laboratory Measurements 
If a mixture of soil and phosphate rock that has been al­
lowed to interact is extracted according to some technique de­
signed to provide an index of soil phosphorus availability, 
the amount of phosphorus brought into solution may have some 
significance in terms of plant response. Some workers have 
used this approach with varying degrees of success. Joos and 
Black (1951) made one of the earlier studies which utilized 
soil samples that had been mixed with phosphate rock, mois­
tened, and allowed to react or "incubate" for some period of 
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time before an analysis was made. After 11 months of incuba­
tion the samples were analyzed for extractable phosphorus. 
The extractions were made on Carrington silt loam which had 
been adjusted to various pH values. Cultures of pH 4.4, pH 
4.9, pH 6.0, and pH 7.0 were used. There was a reasonably 
good relationship obtained on incubated samples between ex-
tractable phosphorus, by the 0.025 N HC1-0.03 N NH^F method of 
Bray and Kurtz (1945), and the yield of plant material. These 
measurements, of course, were obtained only on one soil which 
had been adjusted to a range of acidities. 
Ellis et al. (1955) measured phosphorus uptake by plants 
on limed and unlimed cultures of a soil (pH 5.1) which had 
been fertilized with phosphate rock. After the plants were 
harvested, the extractable phosphorus was measured by the 
Truog (1930) acid extraction method. Ellis et al. (1955) 
stated that this acid extraction gave an indication of plant-
available phosphorus on the unlimed cultures but not on the 
limed cultures. In the presence of the limed soil, the phos­
phate rock was apparently unavailable to plants, but it was 
subject to extraction with an acid reagent. This would indi­
cate that any extraction method for such purpose as this 
should not appreciably alter the pH of the system. 
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Koshelkov (1950) incubated mixtures of soil and phosphate 
rock in the laboratory for the purpose of following water-
extractable and acid-extractable phosphorus after various 
lengths of incubation. Additions of CaCO^ reduced the amount 
of water-extractable phosphorus but did not affect the acid-
extractable phosphorus. Although no plant-yield information 
was collected in conjunction with these incubations, most in­
formation would indicate that the presence of CaCO^ in a mix­
ture of phosphate rock and soil would also decrease the ef­
fectiveness of phosphate rock in furnishing phosphorus to 
plants. Koshelkov (1950) measured water-extractable phos­
phorus for soils and soil-fertilizer mixtures after various 
lengths of incubation. He found that addition of phosphate 
rock to the soil did not increase water-extractable phospho­
rus until after 12 months of incubation. 
Smith et al. (1957) found that they could detect the ef­
fect of phosphate rock on the extractable phosphorus of soils 
by means of the 0.025 Ifl HC1-0.03 N NH^F extracting solution 
(Method 1A of Bray and Kurtz, 1945) with a soil to solution 
ratio of 1 to 50. The extractant apparently removed only a 
relatively small quantity of phosphorus from phosphate rock, 
a fact that they attributed to the presence of fluoride. They 
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thought that the fluoride depressed the solubility of the 
phosphate rock by the common ion effect. No associated 
plant-yield information was reported in this work. Smith and 
Grava (1958) used the same extraction method to measure the 
extractable phosphorus in soil of control, monocalcium phos­
phate, and phosphate rock treatments after plants had been 
grown on various soils in a greenhouse experiment. When the 
relative plant utilization of phosphate rock as compared to 
monocalcium phosphate was plotted versus relative extractable 
phosphorus from phosphate rock treatments as compared to 
monocalcium phosphate treatments, a fair correlation was ob­
tained, but two of the ten soils used diverged widely from 
the relationship shown by the other eight. 
The preceding paragraphs relate the more pertinent work 
that has been done on the measurement of extractable phos­
phorus from soil-phosphate rock mixtures as it relates to 
plant utilization of phosphate rock. In most cases it was 
not a major objective of the work to predict measurements of 
plant response by such extraction measurements. There are, 
however, enough general trends revealed to furnish some 
insight with which to investigate this approach more fully. 
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Factors Affecting Efficiency 
On the basis of current knowledge some of the factors be­
lieved to have some effect on the availability of phosphate 
rock are the chemical nature of the phosphate rock, the nature 
of the soil, the nature of the plant, and 'the fertilizer par­
ticle size. 
Chemical nature of the phosphate rock 
The nature of the material varies from source to source 
McKelvey et al. (1953). Armiger and Fried (1957,1958) and 
Caro and Hill (1956) studied plant response to phosphate rocks 
from various sources. The studies were conducted in an at­
tempt to find a method to differentiate among the various 
phosphate rocks with respect to their ability to supply phos­
phorus to plants. Plant response to the different phosphate 
rocks ranged from about 78 per cent of that obtained with 
superphosphate for Tennessee brown rock to 110 per cent for 
Tunis phosphate rock. Physical and chemical measurements were 
made on the phosphate rocks for correlation with plant-
response measurements. Bound CO^ and citric-acid-soluble 
phosphorus rated good in this respect, whereas citrate-soluble 
phosphorus, particle density, and particle weight ranked in­
termediate. Isotopically exchangeable phosphorus and surface 
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area measurements gave poor correlation with plant response. 
With only three soils, the value of the methods for predicting 
response under different soil conditions could not be tested. 
Bennett et al. (1957) and Knight and Williams (1956) con­
ducted similar studies, adding the fluorine content, specific 
surface, and sequestrene-extractable phosphorus to the list of 
differentiating characteristics. Scheffer et al. (1957) found 
large differences in plant-available phosphorus among phos­
phate rocks, and obtained some success in measuring these dif­
ferences by extracting the phosphate with a mixture of cation 
and anion exchange resins. Barbier et al. (1957) measured 
"available" phosphorus by isotopic dilution on various insolu­
ble phosphate compounds in the presence of anion exchange 
resin. This criterion was adequate for ranking the compounds 
on the basis of their performance on one soil. It did not 
give reliable indications when several soils were used. 
Nature of the soil 
Cooke (1956), Brovkina (1954), and Ellis et al.(1955) are 
among those who have found that the pH of the soil is an im­
portant factor in determining the efficiency of phosphate rock 
as a fertilizer. Bartholomew (1937), however, obtained data 
which indicated there was not a definite relationship between 
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soil pH and the availability of phosphate rock. 
Joos and Black (1951) suggested that, in addition to the 
pH-solubility relationship, the degree to which phosphorus 
moved out and enriched the solid and solution phases surround­
ing the phosphate rock particle was a factor in determining 
the efficiency. Barbier et al. (1957) expressed similar opin­
ions . 
Scarseth and Tidmore (1934), Graham (1955), Mitsui et al. 
(1956a), and Brovkina (1954) found that the degree of calcium 
saturation of the exchange complex of the soil influenced the 
extent of dissolution of phosphate rock. In this work, how­
ever, the effect of calcium could not be separated from that 
of pH. 
In addition to exchangeable calcium, there is also the 
problem of inorganic calcium compounds being present in cal­
careous soils. It is generally recognized that phosphate rock 
is not utilized efficiently under these conditions. Olsen 
(1952) proposed that a new compound would not be formed upon 
addition of phosphate rock to a calcareous soil but that cal­
cium carbonate would be adsorbed onto the surface of the phos­
phate rock, which would modify the nature of the outer layer 
by virtue of the enrichment with calcium. This would thus 
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cause a decrease in the activity of the phosphate ions. The 
solid-phase calcium carbonate would also adsorb phosphate ions 
from solution onto its surface. 
The length of contact time of the phosphate rock with the 
soil is apparently important in the case of soils that allow 
good plant response to phosphate rock. Edwards (1956) found 
that on a soil of pH 5.9, a single heavy application of phos­
phate rock resulted in increasing annual yields for the three 
successive years after the application. This would be expect­
ed if the hypotheses of Joos and Black (1951) and Barbier et_ 
al. (1957) are correct. 
The role of organic matter in phosphate rock utilization 
by plants is somewhat confused because the effect as measured 
by addition of foreign organic matter is confounded by the 
effect of phosphorus supplied in the organic matter. The 
beneficial effect of organic matter has been visualized as 
originating from the carbonic acid produced during the decom­
position of the material. In view of the current knowledge 
about the chelating substances that can be produced in nature, 
it is possible that such substances could be produced under 
the proper conditions and could lower the activity of calcium 
in solution. This would enhance the dissolution of the 
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phosphate rock according to the hypothesis of Barbier et al. 
(1957) . 
Nature of the plant 
Plant species are known to differ in the extent to which 
the phosphorus from phosphate rock is utilized by them. Using 
neutron-irradiated phosphate rock, Murdock and Seay (1955) 
found that the ratio of P32/Ca 5^ was about four times smaller 
for clover than for wheat and several times larger in both 
species than in the original fertilizer material. These find­
ings led them to believe that (a) clover utilized calcium from 
phosphate rock more efficiently than did wheat and (b) during 
dissolution of the phosphate rock, phosphorus was transferred 
into the plant more effectively than calcium. It follows, 
then, that either calcium remains behind in the fertilizer 
particle or relatively more calcium than phosphorus is retain­
ed by the soil colloids. 
Fried (1953) showed that, in the order of decreasing capa­
city to utilize phosphorus from phosphate rock, the crops he 
tested ranked buckwheat, alfalfa, oats, beets, and perennial 
ryegrass. Plant species were found to differ in their capa­
city to absorb phosphorus from phosphate rock even when the 
area of the root absorbing surface was taken into account. 
23 
Drake and Steckel (1955) suggested that differences among 
crops are due to differences in bonding of calcium by the root 
surface and/or the complexing of aluminum and iron by organic 
anions to maintain phosphorus in solution. Truog (1916) at­
tributed the differences in the capacity of various plants to 
utilize phosphorus from phosphate rock to the differences in 
their rate of calcium and water adsorption from soil solu­
tions . 
Fertilizer particle size 
Armiger and Fried (1958), Joos and Black (1951), and 
Knight and Williams (1956) investigated particle sizes in the 
range from 100 to 400 mesh. In general, the plants utilized 
more phosphorus from the smaller particle sizes. Cooke (1956) 
concluded that the fineness of grinding of phosphate rock gen­
erally was not important. 
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METHODS AND MATERIALS 
Preliminary Experiments 
Information was needed with respect to the nature of 
the response curves that would be obtained from application of 
phosphate rock to Iowa soils in the greenhouse, the effect in­
cubation would have on these response curves, the comparative 
responses in the greenhouse and field, and the suitability of 
the extractable phosphorus found by an anion-exchange resin 
for estimating the comparative response on different soils. 
For this work three Iowa soils were used that were known from 
field experiments to allow poor, fair, and good plant response 
to phosphate rock. These soils were the Ida silt loam, Car-
rington silt loam, and Edina silt loam, respectively. During 
the fall of 1956, bulk samples of these soils were collected 
from check plots and plots treated with phosphate rock on the 
fertilizer comparison experiments in Iowa. Only the plow 
layer was sampled, because this is the portion of the soil 
that would be in intimate contact with the phosphate rock. 
The soils and some of their characteristics are listed in Ta­
ble 1. 
Table 1. Samples taken for preliminary work from field experiments comparing phos­
phate rock with superphosphate 
Sample No. Soil Field Treatment Source 
F2938 Edina silt loam Control Southern Iowa Experimental 
Farm, treat. 1, series 501-508, 
low lime, rep. I and II 
F2939 Edina silt loam Phosphate 
800 lb./A. 
rock at 
in 1951 
Southern Iowa Experimental 
Farm, treat. 4, series 501-508, 
low lime, rep. I and II 
F2940 Carrington silt 
loam 
Control Carrington-Clyde Experimental 
Farm, treat. 1, alfalfa and red 
clover plots, phase A, low lime, 
rep. I and II 
F2941 Carrington silt 
loam 
Phosphate 
800 lb./A. 
and 1956 
rock at 
in 1950 
Carrington-Clyde Experimental 
Farm, treat. 4, alfalfa and red 
clover plots, phase A, low 
lime, rep. I and II 
F2942 Ida silt loam Control Western Iowa Experimental Farm, 
treat. 1, rep. I, II, and III 
F2943 Ida silt loam Phosphate 
750 lb./A. 
1951, and 
rock at 
in 1947, 
1955 
Western Iowa Experimental Farm, 
treat. 9, rep. I, II, and III 
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Greenhouse 
The phosphate rock used in this work was a commercial-
grade material of Florida phosphate rock from a carload lot 
obtained for North Central Regional research. The material 
contained 14.53 per cent total phosphorus, and 85 per cent 
passed through a 200-mesh sieve. 
The bulk soil samples were passed through one-fourth inch 
hardware cloth and air-dried. The soil samples were stored in 
10-gallon galvanized metal containers until the experiment was 
started. 
Soil samples from the plots from all three soils receiv­
ing field applications of phosphate rock were included in the 
experiment to determine how well response to phosphate rock in 
the greenhouse agreed with the response already measured in 
the field. The treatments for this section of the experiment 
consisted of two fertilizer rates, 0 and 100 mgm. of phosphate 
rock per 400 gm. of soil, and 0 and 6-month incubation periods 
with the treatments occurring in all combinations. These 
treatments were replicated five times and prepared in the man­
ner used in the main experiment described below. 
The treatments imposed upon the samples from the control 
plots included three rates of phosphate rock application in 
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combination with three lengths of incubation. The 2x3 fac­
torial experiment was arranged in a randomized block design 
with 10 replications. The pots were prepared a few weeks 
prior to November 4, 1956. Number 10 cans were tared to 300 
gm. and plastic bags were inserted inside the cans. The non-
perforated, polyethylene poultry bags were obtained from the 
Dobeckmun Company, P. O. Box 6417, Cleveland 1, Ohio, and 
were constructed of 0.0015 gauge plastic in the dimensions of 
6 inches by 3h inches by 15 inches. Three thousand grams of 
washed silica sand were placed in the bottom of the containers, 
and 400 gm. of air-dry soil which had been mixed previously 
with 0, 100, or 400 mgm. of phosphate rock were placed on top 
of the sand. More sand was placed on top of this soil layer 
in an attempt to maintain the soil layer at a depth and 
moisture content for maximum root activity. The amount of 
sand used here was 425 gm. 
One sand culture was prepared for each replication. This 
culture consisted of 3260 gm. of sand placed in number 10 cans 
lined with polyethylene bags. 
The three incubation treatments were 6-month and 1-month 
incubations before the planting date, and a control treatment 
which was not moistened until the planting date. Incubation 
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was carried out in the greenhouse at temperatures ranging from 
25°C. to 30°C. The pots were moistened with 400 ml. of water, 
which brought them to approximately 50 per cent of saturation. 
Additional water was added occasionally, by weight, to replace 
that lost by evaporation. The pots to be incubated for 6 
months and 1 month before planting were moistened on November 
4, 1956, and April 4, 1957, respectively. 
On May 3, 1957, 60 ml. of a concentrated, minus-phospho­
rus nutrient solution were added to the soil cultures at the 
bottom of the pots by inserting a tube and pumping the solu­
tion into the sand with a syringe. The sand cultures received 
400 ml. of the sand-culture nutrient solution on May 5, 1957. 
The solution was applied directly to the surface of the pots. 
The nutrient solutions for the soil and for the sand cultures 
were prepared as indicated in Table 2. 
Table 2. Minus-phosphorus nutrient solutions 
Reagent Soil cultures Sand cultures 
gm./18 1. gm./l8 1. 
Ca(N03)2.4H20 
MgS04 
KNO3 
116.25 
61.39 
74.64 
17.00 
4.32 
10.91 
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A micronutrient stock solution was prepared according to 
Hoagland and Arnon (1938). Micronutrients were supplied by 
adding 120 ml. and 18 ml. of this stock solution to 18 1. of 
soil-culture nutrient solution and sand-culture nutrient solu­
tion, respectively. A stock solution of iron was prepared 
from the commercial product, Sequestrene NaFe (12.5 per cent 
iron), at the rate of 47.5 gm. of this material per 1. of 
solution. This solution was added at the rate of 135 ml. and 
18 ml. per 18 1. of soil-culture nutrient solution and sand-
culture nutrient solution, respectively. 
On May 5, 1957, twenty-five hybrid RS 610 grain-sorghum 
seeds were placed on the surface of the sand in each pot. The 
seeds had been previously treated with Ceresan. The seeds 
were then covered with 425 gm. of sand, and 100 ml. of dis­
tilled water were added. The soil cultures received 50 ml. of 
the sand-culture nutrient solution on May 6, 1957. Subsequent 
to this date, only sand cultures received the nutrient solu­
tion. Soil cultures received only water and additional nitro­
gen and potassium to insure no deficiency in nutrients other 
than phosphorus. Water was added once or twice daily, and 
pots were brought to a constant weight on alternate days by 
additions of water to keep the moisture content of each pot 
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at 400 gm. A special automatic watering device was designed 
for use in these experiments. 
The plant stand was thinned to 15 plants per pot on May 
11, 1957. Once a week, pots were rotated within replications. 
Twice during the experiment the blocks were rotated among the 
positions in the greenhouse. 
Additional nitrogen and potassium were supplied on May 
23, 1957. Thirty ml. of solution containing 59 mgm. of NH4NO3 
and 145 mgm. of KNO3 were added to each pot. This amount 
supplied 40 mgm. of nitrogen and 56 mgm. of potassium. Later, 
on June 10, 1957, and again, on June 15, 1957, one-half of the 
foregoing amount of nutrients was added in 20 ml. of solution. 
Plants on several pots became infested with aphids a few 
weeks after the experiment had been initiated. Nicofume fumi­
gations and nicotine sulfate spray were used as methods of 
control. At the later stages of the experiment, plant growth 
was very slow and symptoms similar to nitrogen deficiency 
appeared. At this stage, however, no plant response to addi­
tional nitrogen was noted, and within a few days leaf necro­
sis appeared to some degree on the plants in nearly all treat­
ments. At first a pathogen was suspected, but no indentifi-
cation could be made on the basis of symptoms. The same 
phenomenon occurred during a second greenhouse experiment to 
be discussed later. At that time it was decided that the dif­
ficulty may have been due to some complex physiological dis­
order stemming from the presence of large amounts of other 
nutrients and small amounts of phosphorus. 
The portion of the plants above the surface of the sand 
was harvested on June 19, 1957. The samples from each pot 
were dried at 65°C. for 48 hours and weighed. 
Laboratory 
Moist-incubated samples were prepared from control-plot 
samples in conjunction with the previously described green­
house experiment. The pots were prepared in the same manner 
and at the same time as those for growing plants. The treat­
ments consisted of 0, 100, or 400 mgm. of phosphate rock per 
400 gm. of soil and 0, 1, 2, or 6 months incubation and were 
prepared in all combinations with one another. These pots did 
not receive nutrient solution additions, and only one sample 
of each treatment was prepared for each soil. On June 28, 
1957, at the completion of the incubation period, the soil 
layer was removed from the pot, scraped free of sand, air-
dried, and ground to pass a 60-mesh sieve. 
It was decided to test the anion-exchange resin method of 
Amer et al. (1955) for measuring extractable phosphorus. 
Since the amount of extractable phosphorus was expected to be 
low and also sensitive to pH changes, this method would have 
certain advantages. The method has the inherent characteris­
tic of maintaining the phosphorus concentration in solution at 
a low level, by virtue of its strong phosphorus-adsorbing 
power and high adsorption capacity. Thus any soil or fer­
tilizer phosphorus, present in the system, that will tend to 
replenish solution phosphorus as the concentration of the 
latter remains near zero, will be extracted. Such a measure­
ment would be expected to give a reasonably good estimate of 
the plant-available phosphorus present in the system. The 
resin does not change the pH of the system appreciably. 
The method was used as described by Amer et al. (1955), 
except that a 1-hour extraction was used instead of a 2-hour 
extraction. Dowex 2-X 7.5, Lot Number 1711, was used in the 
air-dry state after all^3 2 mesh particles had been removed 
by sieving. The phosphorus removed from the resin was de­
termined by a modification of the method of Dickman and Bray 
(1940). The modification concerned the molybdate reagent and 
the stannous chloride reagent, which were prepared according 
to Legg and Black (1955). 
33 
Main Experiments 
With information from the preliminary work indicating 
that the first objective of the thesis could be obtained by 
the methods used, further experiments were planned which in­
cluded more soils, to allow a more critical evaluation of the 
laboratory method. 
Greenhouse 
The second greenhouse experiment included 16 different 
soil types, with 4 soils being sampled from limed and un-
limed phases. All soil samples were taken in Iowa, and most 
of them were obtained from experimental farms. The soils, 
together with the source of the sample and the liming prac­
tice, are listed in Table 3. 
The bulk samples for this experiment were taken during 
the fall of 1957. After collection, the samples were treated 
as described in the preliminary experiment. 
On the basis of preliminary work, the incubation was 
omitted and only one rate of phosphate rock application was 
used. The fertilizer treatments consisted of the control, 400 
mgm. of phosphate rock per 400 gm. of soil, and 108.3 mgm. of 
concentrated superphosphate per 400 gm. of soil. A superphos­
phate treatment was included to permit the evaluation of the 
Table 3. Description of soils, source of sample, and field liming practices used 
on those samples obtained for main experimental work 
Sample No. Soil Source Liming practice 
F2918 Ida silt loam Western Iowa Experimental Farm, 
exp. Aa, treat. 1, rep. I, II, 
and III 
No lime 
F2919 Monona silt 
loam 
Western Iowa Experimental Farm, 
treat. 1, rep. I, II, III, and 
IV 
No lime 
F2920 Carrington 
silt loam 
Carrington-Clyde Experimental 
Farm, exp. Aa, treat. 1, rep. I 
and II, phase A, alfalfa and red 
clover 
2.5 T./A. in 1949 
F2921 Edina silt 
loam 
Southern Iowa Experimental Farm, 
exp. Aa, treat. 1, rep. I and II, 
series 511-518, alfalfa and red 
clover 
1 T./A. in 1950 
F2922 Edina silt 
loam 
Southern Iowa Experimental Farm, 
exp. Aa, treat. 1, rep. I and II, 
series 511-518, alfalfa and red 
clover 
3 T./A. in 1950, 
1.2 T./A. in 1952 
aPhosphate rock-superphosphate comparison experiment 
Table 3. (Continued) 
Sample No. Soil Source Liming Practice 
F2923 Seymour silt 
loam 
Seymour-Shelby Experimental Farm, 
legume-phosphate exp., treat. 5, 
rep. I, II, III, and IV 
No lime 
F2924 Seymour silt 
loam 
Seymour-Shelby Experimental Farm, 
legume-phosphate exp., treat. 5, 
rep. I, II, III, and IV 
1.5 T./A. in 1950 
and 1952 
F2925 Grundy silt 
loam 
Grundy-Shelby Experimental Farm, 
exp. Aa, treat. 1, phase C, rep. 
I, and phase B, rep. II 
No lime 
F2926 Grundy silt 
loam 
Grundy-Shelby Experimental Farm 
exp. Aa, treat. 8, phase C, rep. 
I, and phase B, rep. II 
6 T./A. in 1949 
F2927 Primghar silt 
loam 
Galva-Primghar Experimental Field, 
at the edge of exp. Aa 
No lime 
F2928 
F2929 
Floyd silty 
clay loam 
Floyd silty 
clay loam 
Howard County Experimental Farm, 
exp. Aa, treat. 1, red clover, 
rep. I, II, and III 
Howard County Experimental Farm, 
exp. Aa, treat. 1, red clover, 
rep. I, II, and III 
3.5 T./A. in 1945-
1946 
6 T./A. in 1945-
1946 
Table 3. (Continued) 
Sample No Soil Source Liming Practice 
F2930 Marshall silt 
loam 
Soil Conservation Experimental 
Farm 
No lime 
F2931 Webster silty 
clay loam 
Plot 931, 5-yr. rotation, 
Agronomy Farm 
Adequate lime to 
maintain pH near 
neutral 
F293 2 Webster silty 
clay loam 
Clarion-Webster Experimental Farm, 
at the edge of exp. Aa 
No lime 
F2933 Taintor silt 
loam 
Charles Brown Farm, Mt. Pleasant, 
Iowa 
Some lime applied 
F2934 Muscatine silt 
loam 
Wayne Carter Farm, Letts, Iowa Some lime applied 
F2935 We lier silt 
loam 
Tim Bailey Farm, Danville, Iowa Some lime applied 
F2936 Clarion silt 
loam 
Plot 919, 5-yr. rotation, 
Agronomy Farm 
Adequate lime to 
maintain pH near 
neutral 
F2937 Nicollet silt 
loam 
Plot 1019, 5-yr. rotation, 
Agronomy Farm 
Adequate lime to 
maintain pH near 
neutral 
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effectiveness of phosphate rock as a fertilizer by the method 
of White et al. (1956). The phosphate rock was the same as 
that used in the preliminary study. The concentrated super­
phosphate was 40-80 mesh and contained 21.96 per cent total 
phosphorus. 
Soil-culture pots and sand-culture pots were prepared in 
the manner described for the preliminary experiment. A split-
plot design with ten replications was used, the soils being 
randomized within each block. The nutrient solutions were 
added to the sand and allowed to dry before the soil was 
added. The iron chelate used previously was not available. 
A substitute compound, Geigy Sequestrene 330 Fe (10.5 per cent 
iron), was used to supply the same amount of iron as was used 
in the first experiment. 
The fertilizer solution used in this experiment to supply 
nitrogen and potassium contained 5.18, 5.72, and 10.82 gm. of 
KKJOg, NHgNOg, and Ca(NC>3) 2*4H20, respectively, per 1. of so­
lution. A 10-ml. aliquot supplied 40 mgm. of nitrogen and 20 
mgm. of potassium. 
The pots were planted with 35 hybrid RS 610 sorghum seeds 
on May 10, 1958. The seeds were covered with 425 gm. of sand 
and moistened with 200 ml. of water. On May 20, the plant 
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stand in the pots was thinned to 15 plants per pot, and water 
was added to bring the water content to 400 gm. These pots 
were watered twice daily, and by weight at least every second 
day. All soil cultures received 5 ml. of fertilizer solution 
on May 26, and all pots except the controls (the plants on 
this treatment were very small and showing only phosphorus de­
ficiency) received 10 ml. of solution on May 28. During the 
next 2 weeks, four additions at the 10-ml. rate were made and 
one addition of 20-ml. was made. Not all of these additions 
were made on the control pots, since difficulty with what 
apparently was salt injury had been experienced in the pre­
vious experiment. Also, it had been found that the plants 
on the control pots soon approached maximum growth, usually 
without showing nitrogen deficiency symptoms, and they gen­
erally failed to respond to more than one or two additions of 
nitrogen. 
Soils were rotated within blocks and treatments were ro­
tated within soils three times during the experiment. The 
blocks were not rotated with respect to their location in the 
greenhouse. 
About midway through the course of the experiment, infes­
tations of red spider and thrips were detected. Parathion 
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fumigation and chlordane dusting were used for control. 
On June 18, leaf necrosis appeared on the outer portions 
of the leaves of larger plants. A symptom similar to this had 
appeared in the smaller plants about 2 weeks earlier. The 
leaves on the lower portion of the plant showed varying de­
grees of yellowing, but there was no response of these plants 
to additional nitrogen. It was felt the necrosis was caused 
by a physiological unbalance, possibly because of the phos­
phorus-nutrition stress placed on the plant. 
The plants were harvested on June 23 and 24. The plants 
were cut off at the surface of the sand and placed in paper 
sacks. After drying at 70°C. for 48 hours, the plant material 
was weighed, then later ground and stored in sample bottles 
for phosphorus analysis. The samples were again oven-dried 
before the phosphorus analysis. 
To determine phosphorus uptake by the plants, 1 gm. of 
the ground plant material was ashed with 10 ml. of a 5 per 
cent solution of magnesium acetate after evaporating to dry­
ness. The first ashing was carried out at 200°C. until the 
sample was charred, then the temperature was raised to 500°C. 
for about 2 hours. After removal of the samples from the fur­
nace, 10 ml. of IE nitric acid were added to them, and they 
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were then neutralized after a few minutes with 10 ml. of 1 N_ 
ammonium hydroxide. The sample was evaporated to dryness on a 
steam plate and ashed a second time at 500°C. for 1 hour. Af­
ter the samples had cooled, 15 ml. of 1 N nitric acid were 
added and the sample was transferred to a volumetric flask and 
diluted to 100 ml. Phosphorus in an aliquot from this volume 
was determined by the molybdivanadophosphoric acid method of 
Kitson and Mellon (1944). 
Laboratory 
All soil samples used in the laboratory were <(60-mesh. 
To avoid individual weighings of minute amounts of fertilizer, 
which could lead to considerable variation, mixtures of soil 
and fertilizer were prepared so that subsamples could be taken 
as they were needed. Samples of both fertilizers were ground 
to pass a 140-mesh sieve. The superphosphate was mixed with 
the soil at the rate of 27.1 mgm. per 100 gm. of soil. The 
phosphate rock was added at the rate of 50 mgm. per 50 gm. of 
soil. These were the same rates of fertilizer addition as 
used in the greenhouse study. The soil samples and the added 
fertilizer were mixed for 14 hours on an end-over-end shaker. 
When subsamples were taken for analysis no attempt was made to 
adjust for the amount of fertilizer present, since the 
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correction would be extremely small and was within the error 
of weighing. 
Four different methods of determining extractable phos­
phorus from soil-fertilizer mixtures were used in the labora­
tory. They will be presented by number and referred to by 
this number in later discussions. 
Method I One-gram samples of air-dry soil or soil-
fertilizer mixtures were placed in 250-ml. Erlenmeyer flasks 
along with 1 gm. of )> 32 mesh, air-dry resin (Dowex 2-X 7.5). 
One hundred ml. of distilled water were added, and the sam­
ples were shaken on a wrist-action shaker for 1 hour. This 
method is similar to that described in the preliminary work, 
except that the samples were not incubated before extraction. 
The remaining steps were as described earlier. 
Method II Five-gram samples of soil or soil-ferti­
lizer mixture were weighed into small plastic containers. The 
samples were moistened with 2.5 ml. of distilled water and 
placed in a closed incubation chamber at a constant temper­
ature of 25°C. il 2°C. The atmosphere in the chamber was kept 
approximately at 100 per cent relative humidity. Toluene was 
placed in the chamber in an open container for the purpose of 
controlling microbiological activity. The samples remained in 
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the chamber for 3 weeks, at which time they were removed and 
immediately extracted with anion-exchange resin on an end-over-
end shaker for 2 hours. The remainder of the procedure was 
identical to Method I, except all extracting reagents were in­
creased in volume by a factor of five. 
Method III The incubation of the samples was identi­
cal to Method II, including the length of the incubation 
period. The Dow Chemical Company had changed the manufactur­
ing process of the Dowex 2-X 7.5 anion-exchange resin so as to 
make it unsatisfactory for extracting phosphorus from soil. 
Since the supply in the laboratory of Dowex 2-X 7.5 was nearly 
exhausted, water extraction was tested. 
The samples were removed from the incubation chamber and 
placed in Erlenmeyer flasks containing 500 ml. of water and 
were shaken on an end-over-end shaker for 2 hours. Samples 
were then centrifuged in a Servall centrifuge for 30 minutes, 
at approximately 14,000 r.p.m., and the supernatant solution 
was passed through a collodion-impregnated filter paper under 
a pressure of 30 p.s.i. of N2 gas. The first 2 to 3 ml. of 
filtrate were discarded. The filter paper, held in a speci­
ally designed filtering chamber, was prepared by the method of 
Lindsay et al. (1959). The filtering chamber is described in 
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Fig. 1. Preliminary studies on water extraction of these sam­
ples showed that centrifuging could not be relied upon to fur­
nish solutions free of non-ionic phosphorus, the presence of 
which would cause serious error. 
Phosphorus was determined in the filtered solutions by a 
modification of the Truog and Meyer method (1929) as described 
by Jackson (1958). Two other slight modifications were made 
for this experiment: one ml. of the molybdate reagent was 
used in a final volume of 20 ml. for developing color, and 
then 2 drops of the stannous chloride reagent described by 
Legg and Black (1955) were used in place of that described by 
Jackson (1958). 
Method IV A new anion-exchange resin (Dowex 11-X 4.5) 
developed by the Dow Chemical Company was found by Bouldin^ 
to adsorb phosphorus strongly. He found, however, that the 
phosphorus could not be removed quantitatively from the resin 
without a rigorous treatment that would release phosphorus 
from adsorbed soil colloids. Accordingly, a method was de­
veloped to estimate the total quantity of ionic adsorbed phos­
phorus from the quantity released under conditions that would 
^Bouldin, D. R., T. V. A., Wilson Dam, Alabama. Phospho­
rus availability. Private communication. 1958. 
Fig. 1. Cross-sectional diagram of pressure filter chamber, 
constructed of Plexiglas acrylic plastic, for 
filtering water extracts of soils. A, access hole 
and neoprene gasket; B, pressure inlet; C, wing 
nuts; D, neoprene gaskets; E, stud bolt; F, insert 
cylinder; G, main cylinder; H, collodion-treated 
filter paper; I, 40-mesh stainless steel screen; 
J, one-sixteenth inch stainless steel screen (30 
per cent open) 
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not decompose adsorbed colloids. 
A 5-lb. sample of Dowex 11-X 4.5 resin (16-20 mesh) of 
Lot Number 05217-766 was obtained. The resin had an exchange 
capacity of 4.1+ 0.3 m.e. per dry gm. The resin was sieved 
in water, and all resin particles )> 16 mesh were retained and 
air-dried to 90 per cent moisture on an oven-dry (90°C.) 
basis. The moist resin was stored in a closed container and 
weighed out as needed in the procedure. 
The sodium chloride digestion procedure used for Dowex 
2-X 7.5 would not remove phosphorus from the Dowex 11-X 4.5 
resin efficiently enough to allow satisfactory estimation of 
small quantities of adsorbed phosphorus. A 14 per cent so­
dium sulfate solution was used to remove phosphorus from the 
new resin and was found to work satisfactorily, although only 
60 to 80 per cent of the phosphorus was removed, depending up­
on the amount adsorbed. 
There was no increase in phosphorus extracted from soil 
by the resin when more than 1.6 gm. of moist resin was used 
per 5 gm. of air-dry soil. The resin did not change signifi­
cantly the pH of the soil-water-resin extraction system. 
A calibration curve was established by extracting known 
quantities of phosphorus with the resin and determining the 
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fraction of the added phosphorus that was recovered in the 
final digest. To establish this curve, increasing amounts of 
phosphorus were added to 500 ml. of water in Erlenmeyer 
flasks, then 1.6 gm. of moist resin were added to each and the 
flasks were shaken for 2 hours on an end-over-end shaker. 
There was no measurable amount of phosphorus remaining in the 
supernatant solution at the end of 2 hours, even in the case 
of the largest amount of added phosphorus. The resin was 
separated and washed with distilled water. After drying to a 
slightly moist state, the resin was transferred to 125 ml. 
Erlenmeyer flasks. Thirty ml. of 14 per cent sodium sulfate 
(1400 gm. of anhydrous sodium sulfate per 10 1. of solution) 
were added and the samples were heated on a steam plate for 1 
hour. The resin and solution were poured onto a moistened, 
Whatman No. 12 filter paper in a 60°-angle funnel. The leach­
ing solution was caught in a 100-ml. volumetric flask. The 
flask, resin, and filter paper were rinsed with about 8 addi­
tions of the sodium sulfate solution, at which time the 100-
ml. volumetric flask was nearly full. A 15-ml. aliquot (or a 
5-ml. aliquot plus 10 ml. of sodium sulfate solution) was used 
in determining phosphorus by the Truog and Meyer method (1929) 
as described in Method III, Standards were made up in the 
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sodium sulfate solution and aliquots were taken, as in the 
case of the unknowns, to make a standard curve. 
The soil samples to be extracted by this method were pre­
pared and incubated as described in Methods I and II. The 
samples, after 30 days of incubation, were extracted with 1.6 
gm. of moist resin in 500 ml. of distilled water by shaking on 
an end-over-end shaker for 2 hours. The remainder of the pro­
cedure was identical to that just described in the establish­
ment of a calibration curve. 
Fertilizer analysis The total phosphorus content of 
the phosphate rock and the concentrated superphosphate was 
determined by digesting 0.5 gm. of fertilizer in 30 ml. of 
concentrated nitric acid and 5 ml. of concentrated hydrochlo­
ric acid. The solution was boiled gently for a few minutes 
and evaporated to a syrupy consistency on a steam plate. Then 
50 ml. of water, 5 ml. of concentrated nitric acid, and 1 gm. 
of boric acid were added, the mixture was heated to boiling 
and the cooled solution was filtered through Whatman No. 40 
paper into a 2-1. volumetric flask and diluted to volume. 
Phosphorus in an aliquot from this volume was determined by 
the method of Kitson and Mellon (1944). 
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Solubility studies The behavior of phosphate rock was 
studied from the standpoint of ionic activities in soil-water-
phosphate rock systems and in phosphate rock-water systems. 
In an attempt to approach equilibrium conditions, 20 gm. of 
^60-mesh soil and 5 gm. of phosphate rock in 100 ml. of dis­
tilled water were shaken with a wrist-action shaker for vari­
ous lengths of time in a constant temperature room. The tem­
perature was maintained at 26°C.± 2°C., and laboratory air, 
which first had been passed through a moisturizing bottle, 
was bubbled through the samples during the shaking period. 
Samples composed of 5 gm. of phosphate rock in 100 ml. of dis­
tilled water were equilibrated for various time periods in the 
same manner. 
The solubility of phosphate rock was studied by adding 
100 ml. of solution of various pH values (adjusted by titrat­
ing distilled water with dilute hydrochloric acid) to 5-gm. 
samples of phosphate rock and equilibrating for 5 days in the 
same manner as for soil samples. 
At the completion of the equilibration period, the sam­
ples were transferred to polyethylene centrifuge tubes and 
centrifuged for 30 minutes at about 14,000 r.p.m. in a Servall 
centrifuge. The pH of the supernatant solution was measured, 
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allowing approximately 5 minutes for the electrodes to come to 
equilibrium with the solution. The solution was passed 
through a collodion-impregnated filter paper as described in 
Method III. Calcium, magnesium, phosphorus, and fluorine con­
centrations were determined in the filtrate. The calcium and 
magnesium content was determined by a modification of the 
method of Lot and Cheng (1957). The first modification was 
that 1.009 gm. of Iceland spar were used in making the 0.01 M 
calcium standard. A second and third modification consisted 
of using 2 drops of the Calcon indicator, instead of the rec­
ommended 3 drops, to improve the endpoint for the titration of 
magnesium and using a different buffer than the one prescribed. 
During preliminary testing of the procedure, the magnesium de­
termination in the presence of calcium was subject to consid­
erable error due to a fading endpoint, and recoveries of added 
magnesium were not satisfactory. Further experimentation with 
an ammonium chloride-ammonium hydroxide buffer produced one 
that would allow detection of 1.215 mgm. of added magnesium 
with an average loss of 0.04 mgm. This new buffer was made 
with 170 gm. of ammonium chloride in 350 ml. of distilled 
water and 530 ml. of. reagent-grade ammonium hydroxide diluted 
to a total volume of 1250 ml. The titrated solution had a pH 
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of 10 at the completion of the titration when this buffer was 
used. 
Aluminum did not interfere in the determinations up to 
approximately 1 p.p.m. in solution. Phosphorus did not inter­
fere at relatively low concentrations of calcium, magnesium, 
and phosphorus, but as the concentrations of these ions in­
creased, there was a tendency for the endpoint to fade. This 
indicated that calcium had probably precipitated as a phos­
phate and was coming into solution during the titration. At 
higher concentrations of calcium, magnesium, and phosphorus, 
it was necessary to remove phosphorus from the solution. 
This was accomplished by shaking 25 ml. of solution with 1 gm. 
of anion-exchange resin (Dowex 11-X 4.5) for 2 hours, and 
pipetting an aliquot from the supernatant solution for anal­
ysis. When the solution to be analyzed is acid, this method 
may be inadequate, and it may be necessary to use an exchange 
column that has been prepared with the anion-exchange resin. 
The sodium diethyldithiocarbamate method prescribed by 
Lot and Cheng (1957) was used for removing ions of heavy 
metals as a possible source of interference. 
Phosphorus was determined by modifications of either the 
method of Dickman and Bray (1940) or Truog and Meyer (1929). 
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The modifications in the latter method were described in the 
discussion of Method IV. When using the Dickman and Bray 
(1940) method, a 15-ml. aliquot was adjusted to the proper pH 
by adding 2 N ammonium hydroxide or 4 N hydrochloric acid drop 
by drop. The endpoint was always approached from the alkaline 
side. If the indicator showed the solution to be below pH 3.0 
(colorless), the ammonium hydroxide was added until the in­
dicator turned yellow, and then the hydrochloric acid was 
added until the solution turned colorless. After addition of 
2.5 ml. of molybdate reagent, the aliquot was diluted to a 
volume of 20 ml. and mixed thoroughly. Two drops of stannous 
chloride reagent were added, the solutions were mixed, and the 
per cent transmittance was read after about 10 minutes. The 
standard solutions were treated in the same manner. The 
molybdate reagent and stannous chloride reagent were prepared 
according to Legg and Black (1955). 
Fluorine was measured by the method of Powell and Saylor 
(1953). The fluorine was first separated from interfering 
cations and anions by a method described by Boltz (1958), us­
ing the steam distillation apparatus described in the method. 
A 5-ml. aliquot of the filtrate was placed in the distillation 
flask, along with about 10 ml. of water. Fifteen ml. of 
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concentrated sulfuric acid were added, and distillation was 
carried out according to the procedure mentioned. The dis­
tillate was caught in a platinum evaporating dish which in­
itially contained 1 drop of 10 per cent sodium hydroxide solu­
tion and 5 ml. of distilled water. About 90 ml. of distillate 
were caught and then evaporated nearly to dryness on a steam 
plate. The pH was adjusted to between 4.0 and 5.0, using a 
dilute solution of acetic acid and reading the pH with a pH 
meter. The solution was quantitatively transferred to a 50-
ml. volumetric flask, and the method of Powell and Baylor 
(1953) was followed after this step. A Coleman Model 12 Elec­
tronic Photofluorometer was used to measure the intensity of 
fluoresence developed in the samples. The fluorometer was 
loaned to the writer by Dr. Charlotte Roderuck, Home Economics 
Department, Iowa State University, whose cooperation was 
sincerely appreciated. 
pH measurements All pH measurements in the laboratory 
were made with a Beckman pH meter, Model G, using a glass 
electrode and a saturated calomel cell reference electrode. 
Soil pH was determined by one of two methods. One method 
was suggested by Schofield and Taylor (1955). In this method, 
25 gm. of <[ 2-mm. soil were placed in 100-ml. beakers, 50 ml. 
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of 1 x 10 4 M calcium chloride were added, and the samples 
were stirred for 15 minutes. The pH was read about 1 minute 
after stirring. The electrodes were inserted in the super­
natant solution. 
The second method was described by Jackson (1958). In 
this method 20 gm. of 10-mesh soil were placed in 50-ml. beak­
ers, along with 20 ml. of distilled water. The samples were 
allowed to stand for 1 hour, with frequent stirring, before 
the pH was measured. The electrodes were positioned in the 
upper 3 cm. of the soil suspension, and the pH was measured 
a few seconds after stirring. 
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RESULTS AND DISCUSSION 
Preliminary Studies 
The plant yield data for the preliminary greenhouse 
study are recorded in Table 4 as averages of either five or 
ten replications. The data indicate that there was a marked 
difference among the three soils in the effect of rate of ap­
plication of phosphate rock on plant response. The yields 
from the phosphate rock-treated cultures of the Edina soil 
were slightly more than double the control culture yields, 
whereas the yields from the phosphate rock and control cul­
tures for the Ida soil were hardly discernible from one 
another. The yield response to phosphate rock on the 
Carrington soil was greater than on the Ida soil, but still 
somewhat less than on the Edina soil. The response on the 
Edina and Carrington soils was nearly a linear function of the 
rate of application at all lengths of incubation, although the 
increase in yield of dry matter per mgm. of phosphorus applied 
was appreciably greater for the Edina than for the Carrington 
cultures. The average increase in yield of dry matter per 
mgm. of phosphorus applied was 0.072 gm. per mgm. for the 
Edina and 0.042 gm. per mgm. for the Carrington soils on the 
zero-incubation cultures. There was no detectable yield 
Table 4. Yield of dry matter in sorghum grown in the greenhouse on three Iowa 
soils, as affected by rate of application of phosphate rock and by length 
of incubation 
Yield of dry matter with indicated soil and length of incubation 
Phosphate rock period before planting, gm./culture 
applied in 
greenhouse, 
mgm./culture 
Edina Carrington Ida Sand 
1 mo. 6 mo. 0 1 mo. 6 mo. 0 1 mo. 6 mo. culture 
0a 3.80 3.96 4.12 3.18 3.48 3.46 1.78 1.98 1.97 1.46 
100a . 5.10 5.55 5.77 3.85 4.11 4.66 1.81 2.00 1.96 
400a 8.22 8.42 9.12 5.16 5.54 6.27 1.88 2.00 1.98 
0b 5.58 — 7.39 4.51 — 4.77 1.79 — 2.00 
10 0b 6.63 — 7.86 4.90 — 5.26 1.92 — 2.04 
aSoil samples from control plots of field experiments. Data are averages of 
ten replicates in the greenhouse. 
Soil samples from plots receiving phosphate rock in field experiments. Data 
are averages of five replicates in the greenhouse. 
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response to the phosphate rock on the Ida soil. 
Incubation of the soils for different periods of time had 
a less noticeable effect on the yield of dry matter than did 
the rate of application. Yields on control cultures and phos­
phate rock-treated cultures of Edina sample F2938 showed a 
small but consistent increase with increasing length of incu­
bation. The yields of dry matter obtained from the phosphate 
rock cultures of Carrington sample F2940 increased gradually 
as the length of incubation was increased, but the effect was 
less prominent than for the same treatments of the Edina soil. 
The yields from Ida sample F2942 were not affected appreciably 
by incubation. Comparison of the yields from the samples re­
ceiving field applications of phosphate rock with the yields 
from their respective control treatments showed that the 
response for each soil was similar to that shown by the sam­
ples receiving only greenhouse applications of phosphate rock. 
The quantities of phosphorus extracted from the soils and 
soil-fertilizer mixtures by an anion-exchange resin are re­
corded in Table 5. The same general trends evident in the 
plant yield data were shown by measurements of the extractable 
phosphorus. The values for the Edina and Carrington soils in­
creased with rate of application and, except for the control 
Table 5. Phosphorus extracted by Dowex 2-X 7.5 resin from three soils with dif­
ferent applications of phosphate rock and different lengths of incuba­
tion before extraction 
Length of Micrograms of phosphorus extracted per gm. of soil in 1 hour with 
incubation indicated application of phosphate rock per culture3, 
period, days Edina Carrington Ida 
0 100 mgm. 400 mgm. 0 100 mgm. 400 mgm. 0 100 mgm. 400 mgm. 
0 5.9 10.1 5.1 7.5 1.4 1.2 
48 5.7 7.4 12.6 4.0 4.6 9.4 2.2 2.0 2.4 
78 5.5 8.0 15.3 4.4 5.4 10.2 2.0 2.3 2.4 
109 5.4 7.5 18.3 4.0 5.6 12.2 2.2 2.5 2.0 
229 4.8 8.8 16.7 5.4 7.3 11.9 2.0 2.3 2.2 
^Average of duplicate extractions. 
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samples, the values generally increased with increased length 
of incubation. The control samples for the Edina soil showed 
a consistent, but probably not significant, decrease in ex-
tractable phosphorus with increasing period of incubation. 
Neither rate of application nor length of incubation affected 
the extractable phosphorus on the Ida soil. 
The relationship between the quantities of phosphorus ex­
tracted per culture by resin and the approximate quantities of 
phosphorus removed by plants is shown in Fig. 2. The phospho­
rus analysis was not made on the plant material from the first 
experiment. The quantities of phosphorus in the plants grown 
in the first greenhouse experiment were approximated by using 
the phosphorus concentration of the plants grown in the second 
greenhouse experiment. These phosphorus concentrations were 
not grossly different from one another and should not intro­
duce any significant bias into the picture obtained. The 
phosphorus concentrations used ranged from 0.052 per cent P 
in the control cultures of the Ida soil to 0.075 per cent P 
in the phosphate rock-treated cultures of the Carrington soil. 
Each point in Fig. 2 represents an average of ten values for 
plant uptake measurements and two values for extractable phos­
phorus measurements. The relationship is well defined, 
Fig. 2. Yield of phosphorus in sorghum versus phosphorus extracted by 
an anion-exchange resin from three soils after treatment with 
three different quantities of phosphate rock and incubation for 
three different periods 
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however, and it exhibits the desired linear trend. Within 
practical limitations, it is preferable to have an extracting 
procedure that will extract some constant proportion of the 
plant-available phosphorus from the soil. It will be noted 
that nearly a 1 to 1 ratio exists between phosphorus taken up 
by plants and that extracted by resin. This is important be­
cause when the magnitudes of these measurements are similar, 
the possibility is increased that the same proportion of the 
various fractions of soil and fertilizer phosphorus is re­
moved by both the plants and the extractant. In Fig. 2, the 
effects of soil, rate of application of phosphate rock, and 
length of incubation evidently may be expressed fairly well in 
terms of the phosphorus extracted by the resin. 
Evidence that results obtained by the greenhouse and lab­
oratory techniques reflect those obtained in the field is 
shown in Table 6. Values for greenhouse and laboratory meas­
urements are taken from Tables 4 and 5, respectively, and 
yields of corn in the field are taken from annual reports of 
the experimental farms. 
Main Experiment 
Greenhouse 
The second greenhouse study was designed to permit the 
Table 6. Comparative values of field, greenhouse and laboratory measurements of the 
effectiveness of phosphate rock 
Edina Carrington Ida 
Control Phos. rock Control Phos. rock Control Phos. rock 
Yield of corn in field, 
5-yr. ave., bu./acre 
Yield of sorghum in 
greenhouse, gm./culture 
Phosphorus extracted by 
resin, |xgm./gm. of soil 
69.9 83.8 62.8 
3.8 5.1 3.2 
5.7 7.4 4.0 
68.7 9.0 11.6 
3.8 1.8 1.8 
4.6 2.2 2.0 
64 
concepts of White et al. (1956) and Black and Scott (1956) to 
be used in arriving at effectiveness values for phosphate rock 
in comparison with superphosphate. It would be preferable, 
before a discussion of results, to review the concepts pre­
sented by these workers. For the purpose of fertilizer evalu­
ation, the availability (a) of a fertilizer may be defined as 
the product of an availability coefficient (X) and the quan­
tity of the nutrient added (x) as the fertilizer. Thus a = 
/x. For a standard fertilizer and a test fertilizer, this 
definition would give as = ygxs and a-j- = *txt/ respectively. 
If a plot of the yield of dry matter versus yield of nutrient 
indicates that equal quantities of the nutrient adsorbed from 
the two fertilizers are producing equal biological responses, 
and if measurements of response are made at a sufficiently low 
rate of application so that the response can be assumed to be 
related linearly to the availability, then the concepts can be 
employed in a simplified manner. Thus, the response curve for 
the standard fertilizer will assume the form ys = a + kag, and 
that of the test fertilizer yt = a + kat. If the definition 
for the availability of the respective fertilizers is substi­
tuted into the foregoing equations, this will give ys = a + 
(k ys)xs and yt =a+ (k Yt)xt, respectively. The constant, 
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a, in these equations may be assumed to have the same value in 
each case, since it represents the yield of the control treat­
ment on the same soil. The constant, k, would not be expected 
to differ for the two fertilizers, since it may be visualized 
as the response to an effective unit of nutrient, and this was 
tested by the method discussed earlier. Hence the response 
curves for the standard and test fertilizers are straight 
lines with slopes k ^  and kY^, respectively. By taking the 
ratio of the slopes of these two curves, k ^ /k , the ratio of 
the availability coefficients, can be obtained. The 
availability coefficient ratio provides a biological index of 
the relative efficiency of two fertilizers in supplying the 
nutrient to the plants. 
The rate of phosphate rock application was sufficiently 
low to assure the resulting yields of phosphorus would be on 
the linear portion of the response curve. This was inferred 
from the preliminary greenhouse experiment. 
The phosphorus applied as superphosphate was slightly 
less than one-half the amount applied as phosphate rock, and 
it was assumed this rate would keep the response in the linear 
range. For each soil, the yield of phosphorus in the control 
plants was subtracted from that in the fertilized plants, and 
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the difference was divided by the amount of phosphorus added. 
The ratio of the values thus obtained for the phosphate rock 
treatment to the corresponding value obtained for the super­
phosphate treatment provided an estimate of the ratio of the 
availability coefficients of the two fertilizers. Extract-
ability-coefficient ratios were calculated from the phospho­
rus extraction data in the same way. 
For the purpose of relating the response from a single 
fertilizer to the corresponding quantities of phosphorus ex­
tracted from the soil, a somewhat different method was used. 
The plant response was expressed as the ratio of the differ­
ence between the yield of phosphorus in plants on fertilized 
soil and on the sand control to the difference between the 
yield of phosphorus in plants on the unfertilized soil and on 
the sand control. The ratio of these two differences will be 
referred to as the availability ratio. The phosphorus meas­
urements from the laboratory were expressed as the ratio of 
the phosphorus extracted from the fertilized soil to that ex­
tracted from the control soil (assuming the absence of ex­
tractable phosphorus from the quartz sand control). The ratio 
of the quantities of phosphorus extracted will be referred to 
as the extractability ratio. 
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The yields of dry matter and phosphorus in plants grown 
on the different soils are shown in Table 7. The yield of dry 
matter is plotted against the yield of phosphorus in Fig. 3. 
This relationship shows that the conditions discussed by Black 
and Scott (1956) are met for valid application of their con­
cepts, with possibly one exception. This exception was the 
Muscatine soil, which apparently contained sufficient phospho­
rus to prevent the same degree of exhaustion of phosphorus 
from those cultures as occurred on the cultures of the other 
soils. The yield of phosphorus on the control cultures of the 
Muscatine soil was from four to ten times as large as that on 
the other soils, which explained the difficulties encountered 
for this soil. The Muscatine soil will not be considered in 
the remainder of the discussion. 
Yields of phosphorus on the control cultures revealed 
that the amount of available soil phosphorus was about the 
same for the various soils. Application of phosphate rock 
increased the yield of phosphorus on some soils, while on 
others there was little effect. The increases in yield of 
phosphorus shown by superphosphate cultures over the control 
cultures were considerably greater, and also more consistent, 
than the increases shown by phosphate rock cultures. There 
Table 7. Yields of dry matter and phosphorus on various soils from greenhouse 
cultures as affected by phosphate rock and superphosphate 
Yield of dry matter^ Yield of phosphorus3 
Soil Soil pH in a qm./culture mqm./culture 
sample Soil 1 to 1 water Phos. Super- Phos. Super-
number series suspension Control . rock phos. Control rock phos. 
F2918 Ida 7.87 2.006 2.023 15.672 1.021 1.006 9.817 
F2919 Monona 6.42 3.678 4.297 18.188 2.270 2.787 12.631 
F2920 Carrington 5.49 4.599 8.100 15.581 2.909 6.064 11.381 
F2921 Edina 5.24 3.840 9.610 14.784 2.242 6.802 10.082 
F2922 Edina 6.51 3.746 4.037 15.572 2.684 2.896 12.368 
F2923 Seymour 5.60 3.555 7.051 15.552 1.960 4.516 9.704 
F2924 Seymour 6.07 2.951 3.688 14.889 1.792 2.337 9.693 
F2925 Grundy 5.56 3.384 7.561 15.350 2.150 5.268 10.411 
F2926 Grundy 6.65 3.302 3.380 16.361 2.282 2.370 11.099 
F2927 Primghar 5.96 6.269 7.002 17.193 4.331 5.410 14.014 
F2928 Floyd 5.54 3.536 6.479 12.772 2.460 4.971 9.940 
F2929 Floyd 5.93 3.351 4.332 12.820 2.440 3.476 10.187 
F2930 Marshall 5.94 4.192 6.147 17.536 2.700 4.548 12.385 
F2931 Webster 6.34 3.326 3.920 17.895 1.838 2.336 12.684 
F2932 Webster 7.24 3.149 3.679 17.513 1.553 1.874 11.667 
F2933 Taintor 5.67 4.887 8.406 17.248 3.080 6.220 13.001 
F2934 Muscatine 6.06 15.311 16.947 21.934 13.323 15.634 23.510 
F2935 Weller 5.48 3.580 10.853 15.781 2.007 7.545 10.775 
F2936 Clarion 6.17 2.410 13.576 15.018 1.371 2.631 10.351 
F2937 Nicollet 6.22 2.842 4.217 15.771 1.668 2.773 11.084 
— (Sand culture) 1.358 — 0.623 
Average of ten replications. 
Fig. 3. Yield of dry matter versus yield of phosphorus in sorghum 
grown on 20 soils with and without addition of one rate each 
of phosphate rock and superphosphate 
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was an effect of field liming practices on the response to 
phosphate rock and to superphosphate. The heavier rates of 
liming generally decreased the response to phosphate rock and 
increased the response to superphosphate. The degree to which 
the response to phosphate rock was reduced by liming depended 
upon the soil and the rate of liming. The Edina sample F2921 
had received the low rate of lime, whereas Edina sample F2922 
had received the high rate of lime. The reduction in plant 
response to phosphate rock on the sample receiving the high 
rate of lime was drastic in the case of the Edina soils, and 
was greater than when yields of phosphorus from limed and un-
limed phases of the Grundy and Seymour soils were compared. 
The Grundy and Seymour soils receiving lime in the field and 
treated with phosphate rock in the greenhouse showed a reduc­
tion in yield of phosphorus of about 50 to 60 per cent when 
compared to the yields from the unlimed cultures. The Floyd 
sample F2928 had received the medium rate of lime in the field 
and the Floyd sample F2929 had received the high rate of lime. 
Yields of phosphorus on phosphate rock-treated cultures of 
sample F2929 were slightly less than those on the same treat­
ment of sample F2928. Yields of phosphorus from superphos­
phate-treated cultures of the soils tended to be increased 
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slightly by liming, while yields from the control cultures 
generally were not affected. 
The analysis of variance of the yield of phosphorus data 
is shown in Table 8. As was anticipated, the main effect of 
soils, the source of fertilizer, and the source x soil inter­
action all gave highly significant effects. The coefficient 
of variation for the greenhouse experiment, calculated on the 
basis of the sub-plot error mean square, was 9.98 per cent. 
The comparative values of the phosphorus of phosphate 
rock and superphosphate for plants are shown by the availabil-
ity-coefficient ratios in Table 9. The values ranged from 
zero for Ida soil, F2918, to 0.26 for the Weller silt loam. 
Thus, plant response to phosphate rock did not compare favor­
ably with the response to superphosphate even on the Weller 
soil. The techniques used were not designed to measure the 
residual effect of the fertilizers. Yield of phosphorus from 
several successive croppings probably would have improved the 
comparative value of phosphate rock on some soils. 
Laboratory 
Method I The preliminary studies had shown that the 
quantity of phosphorus extracted by an anion-exchange resin 
from soil-phosphate rock mixtures estimated plant response 
Table S. Analysis of variance of yield of phosphorus data from the greenhouse 
experiment on comparison of phosphate rock and superphosphate 
Source D. P. Total sums of squares Mean square F 
Block 9 80.289 8.921 9.44** 
Soils 19 4406.342 231.913 245.41** 
Error 171 161.512 0.945 
Total 199 
Source of 
fertilizer 2 9170.884 4585.442 10,541.25** 
Source x soil 38 505.443 13.301 30.58** 
Error 360 156.546 0.435 
Total 400 4648.143 
**Significant at 0.5% level. 
Table 9. Plant response indexes for phosphate rock and superphosphate as measured 
on various soils in a greenhouse study 
Soil 
sample Soil 
number series 
Availability 
ratios from 
phosphate rock 
Availability 
ratios from 
superphosphate 
Availability-
coefficient 
ratios 
F2918 Ida 0.975 23.000 -0.001 
F2919 Monona 1.315 7.279 0.020 
F2920 Carrington 2.376 4.699 0.152 
F2921 Edina 3.815 5.840 0.238 
F2922 Edina 1.107 5.704 0.009 
F2923 Seymour 2.910 6.776 0.135 
F2924 Seymour 1.470 7.752 0.028 
F2925 Grundy 3.039 6.399 0.154 
F2926 Grundy 1.054 6.313 0.004 
F2927 Primghar 1.291 3.609 0.046 
F2928 Floyd 2.364 5.065 0.137 
F2929 Floyd 1.571 5.258 0.055 
F2930 Marshall 1.889 5.654 0.078 
F2931 Webster 1.410 9.885 0.019 
F2932 Webster 1.344 11.882 0.013 
F2933 Taintor 2.276 5.033 0.130 
F2935 Weller 4.986 7.302 0.258 
F2936 Clarion 2.680 12.973 0.057 
F2937 Nicollet 2.048 9.962 0.048 
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well when the mixtures were incubated under greenhouse con­
ditions for at least 48 days. Shorter periods of incubation 
in the laboratory, however, would have advantages in the prac­
tical application of the method. Exploratory work indicated 
that appreciable differences among soils in the increase in 
quantities of phosphorus extracted from samples treated with 
phosphate rock could be detected by the resin extraction 
method without incubating the samples prior to extraction. 
These observations resulted in the testing of Method I. The 
values for extractable phosphorus as measured by Method I are 
shown in Table 10. 
The increase in the quantity of phosphorus extracted from 
the phosphate rock-treated samples over that extracted from 
the control treatment of anion-exchange resin ranged from 
zero in the Ida soil, F2918, to nearly 3 p,gm. per gm. of soil 
in the Weller soil, F2935. The quantity of phosphorus added 
as phosphate rock was 145.3 [igm. per gm. of soil. The in­
crease in the quantity of phosphorus extracted from superphos­
phate-treated samples over that extracted from the control 
treatment by anion-exchange resin ranged from about 37 p,gm. 
per gm. of soil in the Primghar, F2927, to approximately 52 
|igm. per gm. of soil in the Monona. The quantity of 
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Table 10. Phosphorus extracted by Dowex 2-X 7.5 resin accord­
ing to Method I from mixtures of soil with phos­
phate rock or superphosphate 
Phosphorus extracted per gm. of indicated 
mixture of soil and fertilizer3, u.gm. 
Soil+ 0.1453 Soil+ 0.0595 
mgm. of P as mgm. of P as 
Soil phosphate superphosphate 
sample Soil rock per gm. per gm. of 
number series Soil alone of soil soil 
F2918 Ida 1.47 1.53 42.27 
F2919 Monona 3.37 4.57 55.23 
F2920 Carrington 3.50 5.03 41.37 
F2921 Edina 4.10 6.47 49.07 
F2922 Edina 4.27 5.33 55.53 
F2923 Seymour 2.80 5.37 50.10 
F2924 Seymour 2.80 3.67 51.50 
F2925 Grundy 3.47 5.73 45.53 
F2926 Grundy 3.67 4.83 49.30 
F2927 Primghar 7.60 8.73 44.63 
F2928 Floyd 3.67 5.13 50.50 
F2929 Floyd 3.27 4.23 49.47 
F2930 Marshall 4.37 5.37 52.23 
F2931 Webster 2.07 2.63 50.03 
F2932 Webster 2.23 2.40 48.00 
F2933 Taintor 5.57 7.83 54.07 
F2935 Weller 3.03 5.97 48.87 
F2936 Clarion 0.90 1.73 39.37 
F2937 Nicollet 1.93 2.73 42.77 
(Sand) — 5.40 
aAverage of three extractions. 
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phosphorus added as superphosphate was 59.5 [xgm. per gm. of 
soil. 
An effect of liming was detectable on some of the samples 
in the quantities of phosphorus extracted by anion-exchange 
resin. A comparison of the quantities of phosphorus extracted 
from the phosphate rock-treated samples of the low-lime Edina 
sample F2921 with the amount extracted from the high-lime 
Edina sample F2922 shows that heavier liming applications de­
creased the amount of phosphorus extracted. A comparison of 
corresponding Floyd samples also indicates that heavier liming 
decreased the amount of phosphorus extracted. A comparison of 
the quantities of phosphorus extracted from the unlimed 
Seymour sample F2923 and unlimed Grundy sample F2925 with that 
extracted from the limed phases of these soils (F2924 and 
F2926, respectively) shows that liming reduced the amount ex­
tracted from phosphate rock-treated samples by about 20 to 40 
per cent. The quantity of phosphorus extracted from the 
superphosphate-treated sample of Edina F2922 (high-lime) was 
greater than that from the corresponding treatment on Edina 
F2921 (low-lime). The high-lime Floyd sample F2929 that re­
ceived superphosphate in the greenhouse yielded less extract-
able phosphorus than the corresponding treatment on the 
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low-lime Floyd sample F2928. The quantities of phosphorus ex­
tracted from superphosphate-treated samples of the Seymour 
F2923 and Grundy F2925 soils were less than the quantities ex­
tracted from corresponding treatments of those soils that re­
ceived field applications of lime (samples F2924 and F2926, 
respectively). 
The relationship between the availability-coefficient 
ratios (Table 9, column 5) and the extractability-coefficient 
ratios (Table 11, column 5) is shown in Fig. 4. The regres-
A 
sion equation for the relationship was Y = -0.02 + 8.7X, which 
2 gave an r value of 0.74. The deviations of the points about 
the line were fairly uniform over the range of soils. The ex­
tractability-coefficient ratios are relatively small in mag­
nitude when compared to the availability-coefficient ratios, 
which is evidenced by a slope of 8.74 in the regression equa­
tion. Relatively small differences in the extractability-
coefficient ratios were used to estimate the plant response. 
In Fig. 5, the availability ratios of phosphorus from 
phosphate rock (Table 9, column 3) were plotted versus the 
corresponding extractability ratios (Table 11, column 3). The 
A 
regression equation for this data was Y = 2.4 + 3.IX and the 
coefficient of determination (r%) was 0.69. 
Table 11. Laboratory indexes for estimating plant response to phosphate rock and 
superphosphate as calculated from extractable phosphorus data measured 
by Method I 
Soil 
sample Soil 
number series 
Extractability 
ratios from 
phosphate rock 
Extractability 
ratios from 
superphosphate 
Extractability-
coefficient 
ratios 
F2918 Ida 1.04 28.81 0.0001 
F2919 Monona 1.36 16.40 0.0095 
F2920 Carrington 1.44 11.82 0.0165 
F2921 Edina 1.58 11.97 0.0216 
F2922 Edina 1.25 13.01 0.0085 
F2923 Seymour 1.92 17.89 0.0222 
F2924 Seymour 1.31 18.39 0.0073 
F2925 Grundy 1.65 13.13 0.0220 
F2926 Grundy 1.32 13.44 0.0104 
F2927 Primghar 1.15 5.87 0.0125 
F2928 Floyd 1.40 13.77 0.0128 
F2929 Floyd 1.30 15.14 0.0085 
F2930 Marshall 1.23 11.96 0.0086 
F2931 Webster 1.27 24.20 0.0048 
F2932 Webster 1.08 21.52 0.0015 
F2933 Taintor 1.38 9.71 0.0191 
F2935 Welier 1.97 16.13 0.0263 
F2936 Clarion 1.92 43.74 0.0088 
F2937 Nicollet 1.41 22.16 0.0067 
Fig. 4. Availability-coefficient ratios of phosphorus in phosphate rock 
to that in superphosphate derived from yields of phosphorus in 
sorghum grown on 19 soils versus the corresponding extractability-
coefficient ratios derived from quantities of phosphorus extracted 
by an anion-exchange resin according to Method I 
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Pig. 5. Availability ratios of phosphorus from phosphate rock and soil 
to that from soil derived from yields of phosphorus in sorghum 
grown on 19 soils versus corresponding extractability ratios 
of phosphorus extracted from phosphate rock and soil to that 
extracted from soil by an anion-exchange resin according to 
Method I 
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to that from soil derived from yields of phosphorus in sorghum 
grown on 19 soils versus corresponding extractability ratios 
of phosphorus extracted from superphosphate and soil to that 
extracted from soil by an anion-exchange resin according to 
Method I 
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The relationship of availability ratios from superphos­
phate (Table 9, column 4) to the corresponding extractability 
ratios (Table 11, column 4) is shown in Fig. 6. The extract-
ability ratios from superphosphate cover a range that is 
greater in magnitude than that of the availability ratios. 
There are two soils which gave divergent results in this re­
lationship. The calculation of a ratio of two numbers has the 
characteristic of producing a large change in the answer from 
a small change in the denominator when the numerator is rela­
tively large in comparison to the denominator. Experimental 
errors in the small denominator of the availability ratio on 
the Clarion soil (F2926) and in the small denominator of the 
extractability ratio on the Ida soil (F2918) apparently caused 
divergence of values for these two soils from the relationship 
observed with the rest of the soils. The relationship ob­
served in Fig. 6 probably would be described best by a non­
linear regression, but a linear regression was used to facil-
A 
itate comparison. The regression equation obtained was Y = 
loi + 0.39X and the coefficient of determination (r^) was 
0.56. 
The superphosphate-treated soils were known to yield 
generally decreasing quantities of resin-extractable 
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phosphorus with incubation. For some soils treated with phos­
phate rock, the quantity of resin-extractable phosphorus gen­
erally increased appreciably with incubation, but for other 
soils the quantity of extractable phosphorus changed slightly 
or not at all. The quantity of phosphorus extracted from con­
trol treatments was known to remain relatively constant. Thus, 
the effect of incubation upon the extractability-coefficient 
ratio is different for different soils. For soils that show 
an increase in the quantity of resin-extractable phosphorus in 
phosphate rock-treated samples after incubation, the extract­
ability-coefficient ratios become larger by the two-fold 
action of the increasing magnitude of the numerator and de­
creasing magnitude of the denominator. Conversely, for soils 
that do not show a change in the quantity of resin-extractable 
phosphorus in phosphate rock-treated samples after incubation, 
the extractability-coefficient ratios become only slightly 
larger because of the decrease in magnitude in the denomin­
ator . Incubation should, therefore, increase the range in the 
extractability-coefficient ratios observed among the different 
soils. Since the range was small in extractability-coeffi­
cient ratios obtained by Method I, a method utilizing incuba­
tion prior to the resin extraction was tested. 
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Method II The study of Method II was partially of an 
exploratory nature, since the length of laboratory incubation 
that would be comparable to a 5-week greenhouse incubation was 
not known. For this study, six soils were chosen on the basis 
of the greenhouse results. These soils could be separated in­
to three pairs, on the basis of whether the plant response to 
phosphate rock was poor, medium, or good. Method II differed 
from Method I in three ways: the samples were incubated be­
fore extraction, the extractions were made on initially moist 
samples, and the length of the extraction time was increased 
to 2 hours. 
The extractable phosphorus measured by Method II is pre­
sented in Table 12. The general effect that would be expected 
Table 12. Phosphorus extracted by Dowex 2-X 7.5 resin accord­
ing to Method II from mixtures of soil with phos­
phate rock or superphosphate 
Phosphorus extracted per gm . of indicated 
mixture of soil and fertilizer3, ixgm. 
Soil + 0.1453 Soil + 0.0595 
mgm. of P as mgm. of P as 
Soil phosphate superphosphate 
sample Soil rock per gm. per gm. of 
number series Soil alone of soil soil 
F2921 Edina 3.62 9.76 9.76 
F2923 Seymour 2.12 5.53 13.61 
F2927 Primghar 7.90 12.08 26.50 
F2933 Taintor 4.36 9.63 18.52 
F2935 Welier 2.72 8.44 9.38 
F2937 Nicollet 2.36 3.87 10.30 
^Averages of duplicate extractions. 
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from incubation was observed, but since the effects of incu­
bation are confounded with other changes in the method, they 
cannot be evaluated rigidly. The quantity of phosphorus ex­
tracted from samples initially moist probably would be slight­
ly different from the quantity of phosphorus extracted from 
samples initially dry, but increasing the extraction time from 
1 to 2 hours should tend to increase significantly the quan­
tity of phosphorus that is extracted from some soils. Since 
the quantity of extractable phosphorus for the control sam­
ples changed only a small amount from Method I to Method II, 
whereas the superphosphate samples showed a marked decrease 
in this value, incubation apparently had a strong negative 
effect on the amount of extractable phosphorus for the super­
phosphate samples. The values for the phosphate rock samples 
increased, and so no inferences can be made on the effect of 
incubation on these samples. 
Table 13 gives the three sets of laboratory indexes. The 
relationship between the availability-coefficient ratios 
(Table 9, column 5) and the extractability-coefficient ratios 
(Table 13, column 5), as shown in Fig. 7, reveals a curvi­
linear trend. The extractability-coefficient ratios for four 
of the soils were similar in magnitude to the availability-
Table 13. Laboratory indexes for estimating plant response to phosphate rock 
and superphosphate, calculated from extractable phosphorus dataa 
as measured by Method II 
Soil 
sample Soil 
number series 
Extractabili ty 
ratios from 
phosphate rock 
Extractability 
ratios from 
superphosphate 
Extractability-
coefficient 
ratios 
F2921 Edina 
F2923 Seymour 
F2927 Primghar 
F2933 Taintor 
F2935 Weller 
F293 7 Nicollet 
2.70 
2.61 
1.53 
2.21 
3.10 
1.64 
2.70 
6.42 
3.35 
4.25 
3.45 
4.36 
0.409 
0.122 
0.092 
0.152 
0.352 
0.078 
Averages of two extractions. 
Fig. 7. Availability-coefficient ratios of phosphorus in phosphate rock 
to that in superphosphate derived from yields of phosphorus in 
sorghum on six soils versus the corresponding extractability-
coefficient ratios derived from quantities of phosphorus extracted 
by an anion-exchange resin according to Method II 
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coefficient ratios. The Edina (F2921) and Welier (F2935) 
soils, however, had extractability-coefficient ratios that 
were from 1.5 to 2 times larger than the availability-co-
efficient ratios. 
A linear regression was used for the purpose of compari­
son even though curvilinear regression could have been used to 
A 
describe the relationship. The regression equation was Y = 
0.02 + 0.60X with a coefficient of determination (r^) of 0.88. 
Since these soils were chosen in pairs that had similar pH 
2 
values and plant response indexes, the value of the r should 
not be stressed. The availability ratios from phosphate rock 
(Table 9, column 3) are plotted versus the extractability 
ratio (Table 13, column 3) in Fig. 8. Evidently the method 
could have been used with considerable success to estimate the 
plant response for this basis of comparison. The correspond­
ing relationship for superphosphate indexes is shown in Fig. 9, 
which proves that the method lacked precision in estimating 
the plant response to superphosphate. 
Method III Since a new supply of the resin used in 
the previous work could not be obtained, water extraction was 
tested on the same soils used for Method II. The quantities 
of phosphorus extracted by this method are recorded in Table 
Fig. 8. Availability ratios of phosphorus from phosphate rock and soil 
to that from soil derived from yields of phosphorus in sorghum 
grown on six soils versus corresponding extractability ratios 
of phosphorus extracted from phosphate rock and soil to that 
extracted from soil by an anion-exchange resin according to 
Method II 
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Fig. 9. Availability ratios of phosphorus from superphosphate and soil 
to that from soil derived from yields of phosphorus in sorghum 
grown on six soils versus corresponding extractability ratios 
of phosphorus extracted from superphosphate and soil to that 
extracted from soil by an anion-exchange resin according to 
Method II 
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14. It is obvious, however, that a poor relationship exists 
Table 14. Phosphorus extracted by water extraction according 
to Method III from mixtures of soil with phosphate 
rock or superphosphate 
Phosphorus extracted per gm . of indicated 
mixture of soil and fertilizer3, u.qm. 
Soil + 0.1453 Soil + 0.0595 
mgm. of P as mgm. of P as 
Soil phosphate superphosphate 
sample Soil rock per gm. per gm. of 
number series Soil alone of soil soil 
F2921 Edina 0.73 1.32 4.27 
F2923 Seymour 0.48 0.44 3.28 
F2927 Primghar 0.87 2.02 6.79 
F2933 Taintor 1.56 2.16 7.47 
F2935 Weller 0.72 0.28 2.88 
F2937 Nicollet 0.30 0.13 1.40 
^Averages of two extractions. 
between the extractability-coefficient ratios calculated from 
these data and the availability-coefficient ratios. Of the 
two soils having medium plant response, one had a negative ex­
tractability-coefficient ratio and one had a positive extract­
ability-coefficient ratio according to this method. It is of 
general interest to compare the values of extractable phospho­
rus obtained by this method and by Method II. The two methods 
were identical, except that resin was included in the extrac­
tion system for Method II. The quantities of phosphorus ex­
tracted by Method II were 3 to 20 times greater than the quan­
tities extracted by Method III. 
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Method IV With the failure of the water extraction 
used in Method III to estimate satisfactorily the plant re­
sponse to phosphate rock, a different anion-exchange resin was 
tried. The procedure used in adapting this resin was dis­
cussed previously. 
The quantities of phosphorus extracted by this method, 
from soils and soil-fertilizer mixtures that had been incu­
bated for 30 days, are recorded in Table 15. Samples ex­
tracted by Method II had been incubated for 21 days, as com­
pared to 30 days for Method IV. Thus, any differences that 
might be attributable to the resin could not be evaluated 
rigorously because of the confounding effect of incubation. 
The quantity of phosphorus extracted by Dowex 11-X 4.5 
generally was several-fold less than the quantity extracted 
by the Dowex 2-X 7.5, according to Method II, and this would 
suggest that the phosphorus-adsorbing characteristics of the 
two resins probably are different. Even though the length of 
incubation was different and the ratio of resin to soil was 
different for the two methods, the information gained in pre­
liminary testing of procedures would indicate that any effect 
of these factors would not be adequate to explain the ob­
served differences. 
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Table 15. Phosphorus extracted by Dowex 11-X 4.5 resin 
according to Method IV from mixtures of soil 
with phosphate rock or superphosphate 
Phosphorus extracted per gm. of indicated 
mixture of soil and fertilizer^, u.gm. 
Soil + 0.1453 Soil + 0.0595 
mgm. of P as mgm. of P as 
Soil phosphate superphosphate 
sample Soil rock per gm. per gm. of 
number series Soil alone of soil soil 
F2918 Ida 1.82 2.06 11.05 
F2919 Monona 2.41 4.36 10.90 
F2920 Carrington 0.65 3.61 4.67 
F2921 Edina 0.89 3.51 5.68 
F2922 Edina 3.06 3.44 10.40 
F2923 Seymour 0.38 2.79 5.17 
F2924 Seymour 1.15 2.40 7.78 
F2925 Grundy 1.09 3.98 8.06 
F2926 Grundy 3.02 3.34 11.48 
F2927 Primghar 2.40 4.06 6.65 
F2928 Floyd 0 .66 1.23 1.89 
F2929 Floyd 1.68 1.98 5.29 
F2930 Marshall 2.58 4.74 11.84 
F2931 Webster 1.00 1.30 4.88 
F2932 Webster 2.77 3.84 8.74 
F2933 Taintor 1.82 5.06 10.21 
F2935 Weller 0.30 1.84 6.34 
F2936 Clarion 1.12 2.79 4.81 
F2937 Nicollet 0.35 1.03 3.37 
(Sand) 15.40 — — 
^Averages of duplicate extractions. 
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Table 16 contains the laboratory indexes for the various 
soils. The availability-coefficient ratios (Table 9, column 
5) are plotted versus the corresponding extractability-coeffi­
aient ratios (Table 16, column 5) in Fig. 10. The relation­
ship obtained for these data was less precise than had been 
expected. The extractions of the nonincubated samples in 
Method I gave a moderately satisfactory relationship between 
plant and laboratory indexes and it was expected that a period 
of incubation would improve the laboratory indexes as a means 
of estimating the plant indexes. This was not the case, how­
ever. The results from the Weller soil were extremely diver­
gent, in these data, from the trends shown by the others. 
This soil was excluded from the regression analysis so that a 
more realistic comparison could be made between this method 
and the other methods. A coefficient of determination (r2) of 
A 
0.68 was obtained for the regression equation Y = -0.01 + 
0.67X. The closeness of fit for these data was slightly in­
ferior to the regression obtained by Method II, but magni­
tudes of the extractability-coefficient ratios obtained by 
Method II more nearly approached the magnitudes of the avail­
ability-coefficient ratios than did the extractability-coef­
ficient ratios obtained by Method I. 
Table 16. Laboratory indexes for estimating plant response to phosphate rock and 
superphosphate as calculated from extractable-phosphorus data3 measured 
by Method IV 
Soil Extr ac tab ility Extractability Extractability 
sample Soil ratios from ratios from coefficient 
number series phosphate rock superphosphate ratios 
F2918 Ida 1.132 6.071 0.0106 
F2919 Monona 1.809 4.523 0.0940 
F2920 Carrington 5.554 7.185 0.3015 
F2921 Edina 3.944 6.382 0.2240 
F2922 Edina 1.124 3.399 0.0212 
F2923 Seymour 7.342 13.605 0.2061 
F2924 Seymour 2.087 6.765 0.0772 
F2925 Grundy 3.651 7.394 0.1698 
F2926 Grundy 1.106 3.801 0.0155 
F2927 Primghar 1.694 2.771 0.1599 
F2928 Floyd 1.864 2.864 0.1896 
F2929 Floyd 1.179 3.149 0.0339 
F2930 Marshall 1.837 4.589 0.0955 
F2931 Webster 1.304 4.884 0.0316 
F2932 Webster 1.386 3.155 0.0733 
F2933 Taintor 2.785 5.622 0.1581 
F2935 Welier 6.133 21.133 0.1044 
F2936 Clarion 2.491 4.295 0.1853 
F2937 Nicollet 2.943 9.629 0.0922 
aAverages of two extractions. 
Fig. 10. Availability-coefficient ratios of phosphorus in phosphate rock 
to that in superphosphate derived from yields of phosphorus in 
sorghum on 19 soils versus the corresponding extractability-
coefficient ratios derived from quantities of phosphorus extracted 
by an anion-exchange resin according to Method IV 
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The plot in Fig. 11 relates the availability ratios 
(Table 9, column 3) and extractability ratios (Table 16, col­
umn 3) from phosphate rock. The regression equation for the 
data was Y = 1.05 + 0.44X, which had a coefficient of deter­
mination (r2) of 0.60. The corresponding plot for the super­
phosphate indexes for plant response (Table 9, column 4) and 
the laboratory data (Table 16, column 4) is shown in Fig. 12. 
Apparently the failure of this method to estimate precisely 
the effectiveness of phosphate rock as compared to superphos­
phate was due primarily to its inability to predict the plant 
response to superphosphate. There was practically no corre­
lation between the ratios plotted in Fig. 12. The reason for 
the failure of this method to predict the plant response to 
superphosphate is not known. Perhaps the explanation is that 
the rate of decrease of availability of phosphorus differed 
considerably among soils and that the plants and resin re­
flected different stages in the process. The plants ab­
sorbed phosphorus beginning a few days after fertilization, 
whereas the resin was not added until the elapse of a 30-day 
incubation period. 
pH relationship The pH values for the various soils 
were determined by the two methods described previously. The 
Pig. 11. Availability ratios of phosphorus from phosphate rock and soil 
to that from soil derived from yields of phosphorus in sorghum 
grown on 19 soils versus corresponding extractability ratios of 
phosphorus extracted from phosphate rock and soil to that ex-
trated from soil by an anion-exchange resin according to Method 
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Fig. 12. Availability ratios of phosphorus from superphosphate and soil 
to that from soil derived from yields of phosphorus in sorghum 
grown on 19 soils versus corresponding extractability ratios of 
phosphorus extracted from superphosphate and soil to that 
extracted from soil by an anion-exchange resin according to 
Method IV 
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measured values are presented in Table 17. The relationships 
between these pH values and the availability-coefficient 
ratios (Table 9, column 5) are shown in Fig. 13 and Fig. 14 
for the pH values determined with 0.01 M calcium chloride so­
lution, and for those values determined in a 1 to 1 suspension 
of soil in water, respectively. The relationship between the 
availability-coefficient ratios and the pH values was well de­
fined for both methods of pH measurement. As the pH of the 
soils decreased, the plant response indexes increased in mag­
nitude, gradually at first, then very rapidly as the measured 
pH decreased below a certain value. These values appeared to 
be about pH 5.9 and pH 6.3 for the calcium chloride and the 
water-suspension methods, respectively. 
The relationship obtained by the calcium chloride method 
was converted to a linear form by use of the Langmuir isotherm 
equation, as employed by Olsen and Watanabe (1957), to facili­
tate regression methods. The Langmuir equation, x/m = _Js£>£—, 
1 + kc 
can be manipulated into the form c_ _ 1_ + c_ , where c and x 
x kb b 
may be considered as mutually dependent variables and k and b 
are constants» For this regression the equation was c = 
pOH 
JL + c_ , with a slope of 1_ and an intercept of 1_ , where c = 
kb b b kb 
Ill 
Table 17. Availability-coefficient ratios of phosphorus in 
phosphate rock and superphosphate, and pH values 
measured in 0.01 M CaClg and in a 1 to 1 suspen­
sion of soil in water 
Soil 
sample 
number 
Soil 
series 
Availability-
coefficient 
ratio 
pH in 
0.01 M 
CaCl2 
pH in 
water 
F2918 Ida -0.001 7.46 7.87 
F2919 Monona 0.020 5.88 6.42 
F2920 Carrington 0.152 4.99 5.49 
F2921 Edina 0.238 4.72 5.24 
F2922 Edina 0.009 6.10 6.51 
F2923 Seymour 0.135 5.04 5.60 
F2924 Seymour 0.028 5.59 6.07 
F2925 Grundy 0.154 5.10 5.56 
F2926 Grundy 0.004 6.27 6.65 
F2927 Primghar 0.046 5.52 5.96 
F2928 Floyd 0.137 4.98 5.54 
F2929 Floyd 0.055 5.36 5.93 
F2930 Marshall 0.078 5.50 5.94 
F2931 Webster 0.019 6.06 6.34 
F2932 Webster 0.013 6.96 7.24 
F2933 Taintor 0.130 5.08 5.67 
F2935 Weller 0.258 4.86 5.48 
F2936 Clarion 0.057 5.60 6.17 
F2937 Nicollet 0.048 . 5.74 6.22 
Fig. 13. Availability-coefficient ratios of phosphorus in 
phosphate rock to that in superphosphate derived 
from yields of phosphorus in sorghum grown on 19 
soils versus soil pH measured on 0.01 M calcium 
chloride 
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Fig. 14. Availability-coefficient ratios of phosphorus in 
phosphate rock to that in superphosphate derived 
from yields of phosphorus in sorghum grown on 19 
soils versus soil pH measured in a 1 to 1 suspen­
sion of soil in water 
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availability-coefficient ratio and pOH = 14-pH. The equation 
obtained by the method of least squares was c = 0.000386 + 
pOH 
0.108241c with a coefficient of determination (r2) of 0.99. 
This allowed an evaluation of the constants, k and b. The 
original equation can be solved for c, giving the equation 
c = 1 . By substituting in the values, b = 9.2386, k = 
280.417, and pOH = 14-pH, and then simplifying, the following 
equation is obtained: c = 0.00357 /14-pH \. This equation 
\pH-4.76 j 
then can be used directly to estimate availability-coefficient 
ratios from pH values. The relationships observed in Fig. 13 
and Fig. 14 were better defined than those of the other meas­
urements made for the estimation of availability-coefficient 
ratios. The measurement of pH for such purposes, however, has 
the disadvantage of being indirect because it does not measure 
the nutrient being studied. 
An explanation for the success of pH measurements in est­
imating plant response may be made partly on the basis of the 
ideas of Barbier et al. (1957) and Ulrich (1959). These 
workers have proposed that the activity of phosphorus, calcium, 
and hydroxy1 ions supported in solution by the soil would 
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determine the extent of dissolution of insoluble calcium phos­
phates placed in the soil. The soils used in work reported in 
this thesis were collected from many different areas in Iowa, 
but basically their textural classification and the content of 
plant-available phosphorus were rather uniform. A measurement 
of the pH of these soils indicated not only hydroxyl-ion ac­
tivity, but also reflected the quantity of water-extractable 
calcium. In addition, the soil pH controls the distribution 
of phosphorus between the f^PO^ and HPO^ ion species that are 
predominant at the pH values of most soils. Since the water-
extractable phosphorus for the soils used in this work dif­
fered only slightly (1.39 x 10to 2.99 x 10""^ moles per 1.) 
the soil pH apparently accounted for the remaining factors 
that have been proposed as being important in the dissolution 
and availability of a compound such as phosphate rock. Per­
haps this explains the well-defined relationship obtained be­
tween soil pH values and availability-coefficient ratios. 
Reaction in the soil The manner in which phosphate 
reacts in the soil and the effect this reaction has on the ef­
ficiency of phosphate rock as a fertilizer was of primary in­
terest in the second objective of this study. The effects of 
the different treatments on the resin-extractable and plant-
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available phosphorus were expected to yield some information 
on the nature of this reaction. 
Two observations made during the laboratory work led to 
the studies made in this section. During a resin extraction 
of a nonincubated phosphate rock-soil mixture, the resin main­
tains the phosphorus concentration of the solution near zero. 
Differences among soils in the increase in extractable phos­
phorus due to the presence of phosphate rock can be attri­
buted to three explanations : (a) the phosphorus released 
from the phosphate rock may be adsorbed by the soil colloids, 
in direct competition with the resin, (b) the presence of the 
soil may depress the amount of phosphorus released from the 
phosphate rock to the solution, or (c) the soil may decrease 
directly the ability of the resin to adsorb phosphorus. The 
Ida soil, F2918, a calcareous soil, and Seymour soil, F2923, 
were known to remove comparable amounts of soluble phosphorus 
from solution during equilibration in a water system. There­
fore, any effect of (a) should be essentially equal for these 
two soils during the extraction of any added phosphorus. Ex­
planation (c), although possible under some circumstances, 
probably is not a realistic cause. Since the increase in the 
quantity of extractable phosphorus in the phosphate rock-
119 
treated samples was much greater for sample F2923 than for 
sample F2918, apparently explanation (b) must be used to ex­
plain this difference. This conclusion, coupled with the 
observed effect of pH discussed previously, led to the hy­
pothesis that solutions in equilibrium with phosphate rock 
will exhibit a characteristic ionic composition that is gov­
erned by a solubility relationship, and that this solubility 
relationship exists also in the presence of soil, where it 
controls the maximum concentration of phosphorus that will be 
supported in the soil solution by phosphate rock. 
The hypothesis presented above seemed to follow from the 
experimental data obtained. A similar hypothesis was found 
in the recent publications of Barbier et al. (1957) and Ulrich 
(1959). Data for proving the hypothesis were not included in 
either case. 
To test: the hypothesis, the ionic composition of solu­
tions in contact with phosphate rock, in the presence and the 
absence of soil, was studied. Concentrations of calcium, 
phosphorus, and fluoride ions and pH were measured in solu­
tions as described earlier. Individual activity coefficients 
were calculated for Ca++, HgPO^, an<^  HP04 using the extended 
Debye-Huckel equation. The equation used in this work, with 
120 
the appropriate constants for the different ions, was given by 
Q 
Kielland (1937). The values used for the constant 10 a in the 
Deybe-Huckel equation were 6.0, 4.0, and 4.25 for the Ca++, 
HPO~, and K2PO~ ions respectively. The last term in the 
equation served to adjust for molalities, but was found to be 
insignificant in these calculations and was not used. Ionic 
strength of the solutions was calculated by assuming a 2 to 1 
electrolyte. The quantities of magnesium detected in solu­
tions equilibrated with soil and phosphate rock were negli­
gible, and hence the concentration of calcium served as the 
basis for the calculation of ionic strength. 
The activity of the H^PO^ ion was calculated by an equa­
tion derived in the following manner. The dissociation ex­
pressions for each ionic species of phosphorus may be written 
as follows, where K-^, K2, and Kg are the 1st, 2nd, and 3rd 
dissociation constants, repectively, for orthophosphoric acid: 
aH+ * aH2PC>4 
Kx = (1) 
aH3K)4 
K2 = &H+ ' aHPQ4 (2) 
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Solving equations 1, 2, and 3 for the respective ion species 
and getting the right-hand side of each equation in terms of 
SHgPOâ 9ives 
aH,PO 
aH+ ' aH2PO~ (4) 
3^4 
afI2P04 = aii2P04 (5> 
aHpP07 ' K2 
•»* = 
aH2POg * K2 ' K3 
P0I 2 
aH+ 
It also must be that 
mP = mH3P04 + inH2P04 'h mHPO| + mP0| ' where (8) 
m = molarity 
By definition, 
a. 
rru = (9) 
Vi 
where m = molarity 
a-j_ = activity of phosphorus ion, i^h species, in moles 
per 1. 
Yj, = molar activity coefficient for the i^*1 species. 
Substituting equation 9 for each species into equation 8 
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gives 
m .. 
aa3P04 aH2POï + ShP04 + ap°I (10) 
P 
~
VH3PÛ4 YH2POJ *HPOJ ÏPO4 
and substituting equations 4, 5, 6, and 7 into equation 10 and 
solving for a gives 
2 4 
m P (11) 
H2P04 aH+ + 1 + K2 + K2 ' K3 
K1 ' P0„ Yh POr aH+ ' YHpo- al+ ' TpO= 3 4 2 4 4 4 
At the pH values occurring in arable soils, the first and last 
terms in the denominator of equation 11 may be omitted, since 
their magnitude is small compared to the other terms, and the 
equation simplifies to 
mp • aH+ • yHP0= • VRPO-
«HJPOJ = -i L_± ("I 
aH+" VHPO4 + 2 ' VH2P04 
In calculating a„ by equation 12, the value 6.33 x 
2 4 
1 0 g i v e n  b y  F a r r  ( 1 9 5 0 )  w a s  u s e d  f o r  t h e  c o n s t a n t  K 2 .  
The concentrations of fluoride and the negative logarithm 
of the individual ion activities, pCa, pH, and pH2P04, in so­
lutions equilibrated for 5 days with phosphate rock in the 
presence and in the absence of soil are given in Table 18. 
These data show that a^PO^ the phosphate rock-soil 
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Table 18. Negative logarithms of activities3, of Ca++, 
and H+ and concentration of fluoride in solutions 
in contact with phosphate rock in the absence and 
presence of various soils 
Fluoride 
Equilibrating system pH^PO^ pCa pH moles/1, x 10 
Distilled water 6.76 3 .73 7.90 
Solution pH 4.7 6.79 3 .72 7.83 20.60 
Solution pH 3.7 6.87 3 .71 7.90 20.60 
Solution pH 3.0 6.57 3 .48 7.66 — — 
Solution pH 2.6 5.79 3 .19 7.19 13.90 
Solution pH 2.4 4.69 2 .98 6.70 8.55 
Solution pH 2.3 3.52 2 .83 6.18 5.90 
F2918 Ida 7.22 3 .24 8.12 12.60 
F2919 Monona 6.02 3 .55 7.06 6.84 
F2920 Carrington 5.66 3 .53 6.38 6.32 
F2921 Edina 5.11 3 .59 6.21 6.32 
F2922 Edina 6.15 3 .44 7.30 7.80 
F2923 Seymour 5.43 3 .72 6.39 3.68 
F2924 Seymour 5.96 3 .58 6.92 4.74 
F2925 Grundy 5.40 3 . 66 6.64 4.74 
F2926 Grundy 6.62 3 .43 7.69 6.32 
F2927 Primghar 5.42 3 .57 6.72 4.74 
F2928 Floyd 6.33 3 .63 6.80 4.21 
F2929 Floyd 6.55 3 .68 7.06 4.21 
F2930 Marshall 5.62 3 .44 7.11 6.31 
F2931 Webster 6.33 3 .55 7.20 10.50 
F2932 Webster 6.54 3 .37 7.53 12.10 
F2933 Taintor 5.18 3 .49 6.59 5.79 
F2935 Weller 5.29 3 .75 6.73 4.74 
F2936 Clarion 6.14 3 .63 7.16 6.12 
F2937 Nicollet 6.26 3 .61 6.84 5.26 
aBased on one and two observations for acid and soil 
equilibrations, respectively. 
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equilibrations were relatively low and ranged from a pH^PO^ 
value of 7.22 for Ida sample F2918 to a value of 5.11 for the 
Edina sample F2922, or about a 100-fold change. The values of 
aCa++ were relatively constant for the various soils as com­
pared to these of a„ The differences in a among 
2 4 H2 4 
soils were partially due to the differences in soil pH, but 
primarily the variations in a„ were due to the differences 
h2po4 
in concentration of phosphorus in the equilibrating solution. 
Although the data are not presented in the thesis, the phos­
phorus concentrations in these solutions for the various soils 
y 
were correlated fairly well with the plant response measured 
in the greenhouse, except in the case of the two samples of 
the Floyd soil, where there was a divergence from the pattern 
shown by the other soils. 
The Edina sample F2922, which had received heavy lime 
applications in the field, showed a higher aCa++ and a lower 
aH2po^ than did Edina sample F2921, which had received a low 
rate of lime application. The Floyd sample F2929, which had 
received heavy lime application, showed a slightly lower aCa++ 
than Floyd sample F2928, which1 had received the low lime ap­
plication. Field applications of lime on the Seymour and 
Grundy soils correlated with a decrease in the a _ and an 
H2PO4 
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increase in aCg++, when compared to results from the unlimed 
cultures of the respective soils. 
The pH values for the solutions in contact with phosphate 
rock and dilute hydrochloric acid show the neutralizing action 
that is exerted by phosphate rock. Data not presented in the 
thesis indicated that the addition of phosphate rock to soil 
likewise increased the pH values for these soil systems, but 
the changes in pH were less than those in the dilute hydro­
chloric acid. At comparable pH values, the concentrations of 
calcium and phosphorus in solution were significantly lower in 
the presence of soil than in the absence of soil. 
The concentrations of fluoride ranged from 3.68 x 10M 
for Seymour sample F2923 to 12.6 x 10M for Ida sample 
F2918. In general, the concentration of fluoride in solution 
in contact with the phosphate rock-soil mixtures increased as 
the calcium concentration increased and decreased as the phos­
phorus concentration increased. At comparable pH values, the 
fluoride concentration was higher in the absence than in the 
presence of soils. In the absence of soil, the concentrations 
of fluoride increased with decreased concentrations of phospho­
rus. This was the same general relationship observed between 
fluoride and phosphorus in the presence of soil. The 
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relationship between calcium and fluoride in the equilibra­
tions with the acid solution were reversed, however, from that 
observed in the equilibrations with soil. Loss of fluoride 
did not occur through the aeration process at the pH values 
employed in these equilibrations. The reasons for the trends 
observed in the data on fluoride measurements are not known. 
The fluoride ion forms stable soluble complexes with such ions 
as B+++> Al+++, and Si++-H~. Because of the complexing ten­
dencies of fluoride, the proportion existing in ionic form in 
solution is uncertain. Thus, the concentration of fluoride 
was measured in the equilibrating solutions, but the activi­
ties of the ion were not included in the ion-product relation­
ships . 
A graphical method of presenting ion-product relation­
ships of calcium phosphates was described by Aslyng (1954). 
This form of the solubility expression results from writing 
the ion-product equation for the phosphate compound in the 
standard form for negative logarithms, and substituting into 
this equation the ionization equations for water and ortho-
phosphoric acid to get the equation in terms of pCa, pB^PO^, 
and pH. Thus the terms can be collected to give a linear 
equation. An equation derived in this manner for hydroxy-
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apatite gives the expression: ^pCa + pE^PO^ = 7/3(pH - %pCa) 
- 4.73. The slope of this equation reflects the Ca to P ratio 
of the compound and the intercept indicates the solubility of 
the compound. Comparable forms of this equation have been 
used by workers studying iron and aluminum phosphate systems. 
A preliminary study showed that after 2 or 3 days, the 
concentrations of calcium and phosphorus and the pH of solu­
tions in contact with phosphate rock and soil remained fairly 
constant. Accordingly a 5-day period of contact was allowed 
before separation and analysis of the solutions. 
In Fig. 15, the ion-product data from the equilibration 
of phosphate rock in dilute acid solutions and in the soil 
suspensions are presented graphically. Fig. 15 indicates that 
the phosphatic component of phosphate rock exhibited a fixed 
solubility relationship between calcium, phosphorus, and pH 
in the absence of soil. Kalpagi (1954) measured the solu­
bility of Gafsa phosphate rock and expressed the results in an 
equation similar to the one used in this work. 
No well defined line existed in the presence of the var­
ious soils, and the general trend differed from that found for 
solutions in contact with phosphate rock alone. Thus the data 
support the view that the phosphatic component of phosphate 
Fig. 15. Ion products in solutions equilibrated with phos­
phate rock in the absence and presence of 19 soils 
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rock followed a solubility relationship with respect to cal­
cium, phosphorus, and pH but not the view that this relation­
ship controlled the ionic composition of the solution in soils 
to which phosphate rock had been added. 
No experimental work was done to investigate the cause of 
the divergence of the results in the presence and absence of 
soil. It may be suggested, however, that failure to reach 
equilibrium was responsible. It is known that the ratio 
aH+ in solutions in equilibrium with soil is controlled by 
aCa++ 
the cation-exchange system, and that for small alterations 
brought about by additions or subtractions of hydrogen and 
calcium ions, the ratio remains constant for a particular 
soil. Both these ions are involved in the equilibrium between 
phosphate rock and water. Hence, until equilibrium is attain­
ed between ions supplied by phosphate rock and the exchange­
able ions of the soil, the solubility relationship in the 
presence of soil will not correspond with that in the absence 
of soil. The relatively long period required for attainment 
of equilibrium between acid soil and calcium carbonate sup­
plies supporting evidence. 
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SUMMARY AND CONCLUSIONS 
Plant response to phosphate rock on three soils was meas­
ured in the greenhouse after different lengths of incubation 
of phosphate rock in the soil. On two acid soils, where ap­
preciable response to phosphate was noted, yields of dry mat­
ter from phosphate rock-treated samples increased as the 
length of incubation was increased. On a calcareous soil, 
where no response to phosphate rock occurred, no effect of 
length of incubation was noted on yield of dry matter. The 
responses in this greenhouse experiment were in the same order 
as those obtained in the field experiments from which the 
samples were taken. 
Seventeen additional soils were used in a second green­
house experiment in which plant response to both phosphate 
rock and concentrated superphosphate was measured. Availabil­
ity-coefficient ratios for evaluating phosphate rock in com­
parison to concentrated superphosphate were calculated by sub­
tracting the yield of phosphorus on the control culture from 
that on the cultures treated with phosphate rock and super­
phosphate, dividing each difference by the quantity of phos­
phorus added in the form of the respective fertilizer, and 
then dividing the value thus obtained for phosphate rock by 
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the value obtained for superphosphate. The availability-co­
efficient ratios were closely related to soil pH and gener­
ally decreased considerably as a result of heavy field appli­
cations of lime. Availability-coefficient ratios ranged from 
zero on a calcareous soil to a maximum of 0.26 on an acid 
soil. 
The feasibility of estimating these availability-coef­
ficient ratios from laboratory measurements was investigated 
by extracting soils and soil-fertilizer mixtures with an 
anion-exchange resin and with water. Three methods of anion-
exchange resin extraction were tested. These methods in­
volved differences in initial moisture content of the sample, 
length of moist incubation of the sample, length of extrac­
tion period, and type of resin used. The results of the lab­
oratory measurements were expressed as extractability-coef-
ficient ratios, which were calculated in the same manner as 
availability-coefficient ratios. Availability-coefficient 
ratios were estimated fairly well by extractability-coeffi-
cient ratios derived from measurements of resin-extractable 
phosphorus but not from measurements of water-extractable 
phosphorus. Availability-coefficient ratios were estimated 
more precisely by extractability-coefficient ratios calcu­
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lated from quantities of phosphorus extracted from nonincu-
bated soils and soil-fertilizer mixtures with anion-exchange 
resin in 1 hour than by the other methods tested. Although 
the confounding of effects prevents any definite conclusions, 
it appeared that with increasing length of incubation of the 
soil-fertilizer mixtures prior to extraction with anion-ex­
change resin, the precision of estimation of plant response 
became greater where phosphate rock was concerned and less 
where superphosphate was concerned. 
On the basis that the first step in the transference of 
phosphorus from phosphate rock into plants is dissolution, the 
possibility was investigated that solutions in equilibrium 
with phosphate rock will exhibit a characteristic solubility 
relationship, which is the same in the presence of soil as in 
the absence. In this connection, behavior of ion activities 
were studied in solutions equilibrated with phosphate rock in 
the presence and in the absence of various soils. 
Solutions in apparent equilibrium with phosphate rock 
alone were shown to follow a constant solubility relationship 
with respect to aCa++/ aH -oq-' and aH+ * In the Presence of 
soils, the solubility relationship was appreciably different, 
perhaps because true equilibrium had not been attained. 
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